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INTRODUCTION 
Tillage has been used in the production of crops from the dawn of 
civilization. Mechanical manipulation of the soil (tillage) is used for 
producing soil conditions and environment favorable to crop growth and 
used for controlling undesirable plant growth (cultivation). Tillage is 
also used to facilitate planting. Tillage for seedbed preparation and 
cultivation consumes approximately 30 percent of the energy used in 
agriculture in the United States (13). 
The common practice for producing a seedbed is to use tillage tools 
of various types independently or in sequential combination until 
"optimum" soil physical conditions (an empirical condition existing in 
the mind of the farmer) are developed. The amount of tillage used in 
seedbed preparation and cultivation by the farmer is based on his past 
experience; thus, the amount of soil manipulation (by various tillage tools) 
is based on the farmer's knowledge of the seedbed preparation. 
The operation of tillage tools in the soil influences the bulk 
density, clod size distribution and surface roughness of the soil. The 
clod size distribution (number of each size) is a major consideration 
in the preparation of a seedbed; thus, it is an effective measurement 
of tillage tool performance. 
An ultimate goal in tillage systems research is the development of 
scientific knowledge so that the performance of tillage tools can be 
accurately predicted when . initial conditions of the soil, operating 
conditions and design parameters of tillage tools are known. The design 
2 
of a tillage tool could be optimized for minimum energy input in the 
ti l lage process to accomplish final desired soil conditions . 
Some tillage tools, partly powered by means other than draft created 
by the traction members of the power unit , have shown possibilities of 
controlling the final soil aggregate distribution produced in the seed-
bed . Vibrating and rotatory tillage tools have been observed to develop 
smaller soil aggregates than draft - type tillage tools such as the mold -
board and disk plows. 
Various investigators have reduced the draft requirement of plow 
bodies by vibrating or forcing the plow body to oscillate in some pre -
scribed manner. A vibrating tillage tool may be more efficient in 
producing a final soil condition. 
The efficiency of power transmission through traction members is 
low (approximately 50 percent or less) compared to other methods of power 
transmission (pto; approximately 96 percent) . Thus, tillage tools 
utilizing eff i cient methods of power transmission have the potential of 
applying more energy to till the soil for a given energy input . 
3 
OBJECTIVES 
The objectives of this study were as follows : 
l. To evaluate the influence of an oscillating simple tillage 
tool on the clod size distr i bution under laboratory 
conditions. 
2 . To develop a method of measuring energy input fo r draft 
and oscillation of a vibrating simple tillage tool and re-
late total energy input to resulting clod size distributio·n 
under different soil conditions. 
3. To determine if the methods applied in this study can be 
used to evaluate the effect of model tillage tools on 
clod size distribution and the dissipation of energy in 
the tillage process . 
4 
REVIEW OF LITERATURE 
Previous investigations of oscillating tillage tools were primarily 
concerned with the influence of the oscillating motion parameters on 
draft compared to that of the same plow bodies when held rigid . Gunn 
and Tramontini (10) studied the effect of oscillation on draft and total 
power requirements of an experimental tillage tool. A subsoiling tool 
was oscillated in a fore-and-aft manner in the direction of forward 
travel by an eccentric crank and four - bar linkage such that the stroke 
length of the tool was 0.322 inches and 0.645 inches. Depth of cut was 
7 l/2 inches in dry hard soils . They found that the draft depended on 
frequency of oscillation in relation to the speed of forward travel and 
observed no large reductions in total power . 
In 1956 Dubrovskii (4) found that oscillation of tools advantageous 
only at certain forward speeds. He found the length of the cleaved 
section of tilled soil directly related to forward speed and if the wave-
length of oscillation was smaller than cleavage section then draft was 
reduced. 
Shkurenko (20) reported in 1956 that the influence of oscillation of 
a tillage blade was about 1.6 times greater when sinusoidal oscillations 
were applied in horizontal rather than in the vertical direction. 
In 1958 Eggenmueller (6) considered various aspects of the kinematics 
of oscillating tools. He concluded that the motion of the tool should 
not allow soil packing on the underside of the tool and should provide 
upward acceleration of the soil during a portion of the cycle so the 
frictional force along the surface of the tillage tool would be reduced; 
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thus, the forces required for the individual process of cutting, lifting, 
shearing, and accelerating the soil would occur at different intervals 
of the cycle of motion . Eggenmueller produced oscillating tool motion 
with a four-bar linkage similar to that of Gunn and Tramontini . 
Eggenmueller (5, 6, 7, 8) studied the effect of various combinations 
of frequency, amplitude, direction of movement, and forward speed under 
constant soil conditions in a fine sandy loam soil. He found that a 
direction of oscillation of 30° to the horizontal as shown in Figure l 
was more favorable in the reduction of draft than any other direction 
studied. His study suggested that the ratio of the length of stroke 
to the height of lift should be approximately 2 for optimum draft re-
duction considering total power requirements; 40 to 50 percent reduction 
in draft was possible at the same total power input. He qualitatively 
observed that oscillating tools produced better crumbling of the soil as 
compared with the rigid tool. 
Hendrick and Buchele (12) found that the draft of a sample tillage 
tool can be reduced by pivot mounting so that the leading edge can be 
swung upward to cause soil failure, as shown in Figure 2; draft decreased 
as the frequency of vibration was increased up to the natural frequency 
of shear plane formation for a rigid tool. They found that approximately 
50 percent of the total draft force for the tool used in their studies 
could be attributed to the cutting force on the leading edge of the tool. 
No substantial reduction in ~he total tillage energy requirement of the 
soil was obtained by vibrating the tool. 
DIRECTION OF 
FORWARD TRAVEL 
~~--------------
DIRECTION OF 30o 
OSCILLATION 
6 
TILLAGE TOOL 
Figure 1. Optimum direction of motion as defined_ by 
Eggenmueller 
DIRECTION OF 
FORWARD TRAVEL 
PIVOT POINT 
TILLAGE TOOL 
Figure 2. Direction of motion studied by Hendrick 
and Buchele 
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Hendrick and Buchele (12) observed better soil crumbling when the 
tool was vibrated and suggested that a vibrating blade could be used to 
control clod size and reduce the need for secondary tillage operations. 
Various researchers (4, 5, 7, 8, 10) have constructed tillage tools 
for field tests with various oscillating tillage surfaces and found that 
under most soil conditions draft could be reduced. The tillage surfaces 
range in configuration from field cultivator points to moldboard plow 
bottoms. 
The amount of draft reduction observed by the studies previously re-
viewed varies from 10 percent up to a maximum of about 75 percent. The 
variation can probably be accounted for considering the different modes 
of oscillation and soil conditions. 
Luttrell (14) studied the influence of certain tillage implements 
and operations on the bulk density, clod size distribution, and surface 
roughness under field conditions. He reported that there was no standard 
method of obtaining clod size distribution data. He chose a method de-
veloped by Swamy (24), Winkleblech (26) and Cole (3). Luttrell chose the 
mean weight diameter as a measure of clod size distribution and computed 
it using the method described by Younker and McGuinness (27). Van Bavel 
(25) introduced the mean weight diameter as a sensitive index of the ag-
gregation status of soil useful in statistical studies. 
Luttrell reported significant differences between tillage treatments 
based on mean weight diameter though there was no a~temp~ t o correlate 
tillage energy input with mean weight diameter. 
Interest in energy-size reduction relationships has been widespread 
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among mining and chemical engineers in search for a consistent theory to 
explain the relation between energy input and size reduction in crushing 
and grinding minerals such as quartz, coal and rock salt. Most existing 
relationships are based on an empirical proposition, mathematically 
stated as 
dE = -C dx/xn 1 
where dE = infinitesimal energy change, 
C = a coef ficient, 
dx = infinitesimal size change, 
x = object size and 
n = another coefficient. 
Mining engineers often describe particle size distributions by an 
equation proposed by Schuhmann (19) as, 
y = 100 (x/k) a 2 
where y = weight percentage of particles smaller than size x, 
x = particle size, 
k =size modulus(a coefficient) for a given size distribution, 
and a = distribution modulus (a co~fficient). 
A log-log plot of this relation will yield a straight line of slope a , 
and k denotes the theoretical maximum sized particles. 
Charles (2) has shown that Equation 1 and Equation 2 combine such. 
that 
' E = Ca kl-n (n-l)(a-n+l) 3 
9 
where E' = energy input per unit volume, when the initial material 
size is large compared with k . However, research results 
(2) have shown that a-n+l = O, 4 
which indicates that Equation 3 is not an adequate relationship because 
Equation 4 appears in the denominator of Equation 3. Charles (2) pro-
posed that 
5 
where A
0
=a coefficient based on data collected from a wide variety of 
material that had been subjected to a comminution process 
(crushing and/or grinding), but gave no theoretical explana-
tion of this relationship. 
Schuhmann (18) hypothesized that comminution of a brittle, isotropic, 
noncleavage particle involves a rapid sequence of 1) application and 
storage of elastic energy, 2) initiation of cracking and 3) energy dissi-
pation associated with a systematically branching and intersecting system 
of cracks. The fracture pattern may be visualized as consisting of two 
parts. One part is made up of relatively large fragments that are bounded 
by extensive cracks starting at the surface of the original particle or 
at imperfections within the original particle. The second part is made 
up of relatively fine particles that are formed by the systematic branch-
ing and intersection of cracks observed in the reconstructed fracture 
pattern of the original particle. 
Schuhmann (19) developed the energy equation (Equation 5) from the 
size distribution equation (Equation 2) for a complex comminution process, 
thus eliminating the need of an empirical energy equation such as Equation 
10 
l. He pointed out that it LS helpful to think of a comminution product as 
a mixture of "finished" comminuted material and coarse material not yet 
completely comminuted. Any comminution process conve rts the coarse 
material into "finished" material but does not change the size distribu-
tion or average size of the "finished" material. Only the relative pro-
portions of coarse material and "finished" material are changed, and 
these changes account for the continually decreasing average particle 
size of the overall product during comminution. 
Hansen and Stewart (ll) found that comminution theory, when applied 
to grinding of agricultural grains, provides much useful information. 
ll 
CONSIDERATION OF VARIABLES 
Any research endeavor involves an analysis of the variable factors 
which influence the phenomena under study. After the factors have been 
identified , there is the problem of measuring the factors quantitatively 
or controlling them so the influence of their variation will be 
kr.own. 
The independent variables affecting the dependent variables in this 
study were classified into three groups: 
l. Tool variables 
2 . Soil variables 
3 . External variables 
The dependent variables were those associated with energy expended in 
the tillage process and the final clod size distribu.tion after the tillage 
process. 
Tool Variables 
The tool variables were those associated with the geometry of the 
tool and the oscillating motion imparted to the tool. The motion of the 
tool was defined by frequency, length of stroke, and direction of oscilla-
tion. 
Soil Variables 
The significant soil variables were those associated with the proper-
ties of the soil such as density, moisture content and some characteristic 
parameters of the soil strength. 
12 
Spangler (22) states that correct determination of shearing s treng th 
of soil is one of the most difficult problems in soil testing partly due 
to the fact that shearing strength is not an intrinsic property of a 
given soil, but varies considerably with changes in density, moisture 
content, and degree of consolidation. Usually soil strength is charac-
terized by an empirical formula proposed by Coulomb: Ss = C + N tan 0 
where Ss = shearing strength, in lbs per sq in; C = cohesion, in lbs 
per sq in, N = effective pressure normal to shear plane, in lbs per sq 
in; tan 0 = coefficient of internal friction of soil. 
Spangler (22) points out that there is a growing trend among soil 
engineers to use the unconfined compression strength of a clay-type soil 
as a useful criterion for determining the strength characteristics of 
such material . The unconfined compression strength is half the major 
principal stress required to fail the soil when the minor principal 
' stress is zero. Unconfined compression strength was found to be the 
major parameter of soil strength in a study by Shuman (21). 
External Variables 
The other variables considered to have influence on the dependent 
variables were average speed of plow body with re$pect to soil and 
gravitational acceleration. 
It was assumed that the power required in the tillage process and 
the final clod size distribution were functions of certain other variables 
previously discussed, as indicated below and defined in Table 1. 
d(ME) 
dt 
13 
= f(d, 1\i, tan e, tan ~ ' W, L, w, m, S, Aa' tan)-<, V, g) 
Dj = hj (d, 1\i, tan e, tan ,W, L, w, m, S, Aa, tan)-<, V, g) 
Table 1. List of variablesa 
E 
D. 
J 
= energy expended per unit mass of tilled soil 
= dimensionless parameters characterizing the final 
clod size distribution 
d = average depth of plowing 
~i = other pertinent geometrical dimensions 
e = angle of tillage blade with respect to the horizontal 
~ = angle of direction of oscillation with respect 
to the horizontal 
w = angular velocity of oscillation 
L = length of stroke 
w = bulk volume weight of the soil 
m = moisture content of the soil 
s = unconfined compression strength 
A a = apparent adhesion of the soil 
tan_;..(= tangent of angle of soil to metal friction 
v = average speed of tillage tool with respect to soil 
g = gravitational acceleration 
d(ME) 
dt = power required to till the soil 
L 
L 
L 
aNote: F, L, and T denote dimensions of force, length and time, 
respectively, throughout the text. 
6 
7 
14 
Some of the tool variables are illustrated in Figure 3. The variabl es 
listed are similar to the pertinent variables c onsidered in the stud ies 
by McLeod (15) and Larson (13) except S and m were u sed in this study 
instead of C and tan 0. 
Some concepts in present comminution theory (2, ll, 18 , 19) appear 
applicable in tillage where a different soil aggregate distribution is 
produced each time the soil is tilled although soil is not necessarily a 
brittl e, isotropic, noncleavage material. 
Present comminution theory is invalid if a uniform product (equal 
sized particles) is produced. However, it was hypothesized in the de-
velopment of the theory (18, 19) that there would be a distribution of 
particle sizes. 
Soil variables are known to influence the energy input per unit mass 
required to till soils with a given tillage tool, and their influence is 
not obviously reflected in Equation 5 until one considers that the aggre-
gate size distribution parameters (k and a ) are affected. 
Charles ( 2 ) refers to the cons tant, A0 , in Equation 5 as a "machine 
constant," which is dependent on the manner in which energy is applied. 
Thus, most of the variables, machine parameters and material parameters, 
may be accounted for in Equation 5. 
The parameters, Dj, in Equation 7 we re defined as: D1 , the ratio of 
mean weight diameter of clods to the average tillage depth; n2 , the ratio 
of clod length to average tillage depth; D3, the ratio of the size 
modulus, k, to the average tillage depth; and n4 , the distribution 
modulus, a. 
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The energy expended, ME, may be considered to be the sum of the 
e nergy resulting from the draft force, RN and energy r equired for os-
cillation due to the torque required to drive the oscillating mechanism; 
thus, 
t t 
ME = s RXV dt + 5 Twdt 0 0 
where E = energy per unit mass of tilled soil 
Rx = draft force F 
T = torque FL 
M = mass of soil tilled during time, t FL-1T2 
By assuming differentiability of the functions, the relationship 
between energy expended per unit mass and the other variables becomes: 
E = g(d,~i• tan a ., tan ~ . W, L, w, m, S, Aa, tan,~-<, V, g) 8 
Md 
where f (d, ..• ,g) = crt" g (d, ••. ,g). 
By considering E (energy input per unit mass) as one variable, there are 
14 variables and three basic dimensions in each relation. 
To systematize the collection of experimental data and reduce the 
number of variables investigated, dimensional analysis described by 
Murphy (16) was applied to this problem. The Buckingham Pi Theorem (16) 
states that the number of independent dimensionless quantities ne cessary 
to express a relationship among variables influencing a phenomenon is 
equal to the number of variables minus the number of basic dimensions re-
quired to measure those variables. Thus, there are 11 dimensionless 
terms. The dimensionless terms used here are shown in the functions as: 
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E 
Gti tan ~, L wL 
v2 s A a 
tan.)-<.} = tan e, d' v' go' Wci' m, wcr' y2 d ' 9 
H·f'i tan ~ ' L wL 
v2 s m, A a tanp} D· = tan e, _, _, _, _, _, 
J J 0' d v gd wd wd 
10 
McLeod indicated that the measure of tan _,£A would be the same fo r 
all tests within a given soil and moisture content; also, adhesion is 
often negligible when working with some tools in agricultural soils. 
Since the tillage surface used in this study was subjected to vibration, 
adhesion (Aa) and tan~ were considered negligible. Thus, considering 
that the tillage blade surface, direction of oscillation, length of 
stroke, depth of cut and soil type were the same for all tests, the func-
tions reduce to: 
E 
= g [tan 
wL v2 ~,m} 
v2 e,v' -, gd wd ll 
= yjfan 
(.()L .v2 s 
m} D· e, v' gd'wd' J 12 
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DESCRIPTION OF EQU IPMENT 
Model Tillage Laboratory 
Because this study required a maximum of control of soil environ-
ment and soil properties, the experiments were conducted in the labora-
tory using ·equipment designed and built for model tillage studies by 
Schafer (17) and Larson (13) shown in Figure 5. This equipment was 
used to condition the soil and provide controlled transport of the soil 
while conducting the tests. · Dynamometer, instruments and tillage tool 
dr ive equipment were constructed and attached to this basic equipment . 
Tillage Tool 
A tillage tool was designed and constructed to till the soil so 
major soil movement was confined to two dimensions . The tool surface 
over which the soil passed was a flat plane supported by a standard at 
each outer end (Figures 6 and 7). The cutting edge of the tool surface 
was formed by milling the underside to an included angle of 15° and then 
filed to a cutting edge. The orientation of the tillage tool surface 
with respect to the horizontal plane was adjustable. 
The tillage tool surface was oscillated in an angular manner in a 
plane parallel to the direction of motion of the soil using a four-bar 
linkage (Figure 4). One line of the four-bar linkage was rotated about 
a fixed axis using a variable speed electric hand drill as the power 
unit. The length of the rotating link could be varied from zero to l 
inch which allowed variation in the angular amplitude of oscillation . 
The tool was statically balanced by addition of a mass of steel and 
DIR ECTIO N OF 
FO RWA RD TRAVEL 
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Figure 3. Pertinent tool variables 
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Figure 4. Schematic of four bar linkage drive system 
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Figure 5. General view of model tillage laboratory 
Figure 6. Front view of tillage tool surface and standards 
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dynamically balanced pa rtly by springs, which when deflected produced 
a moment about the axis of r otation of the tillage tool surface that 
counteracted the moment due to inertia. The weight and spring arrange -
ment is shown in Figure 7. 
Soil Saw 
In order to eliminate all interference of the tillage tool standards 
on soil motion , the sections of soil which would normally be influenced 
by the motion of the standar ds was removed . Two 10-inch- diameter circu -
lar ripsaw blades were mounted on an arbor l 3/4 inches apart. The blades 
cut a slot in the soil that was l 3/4 inches wide and 2 inches deep . 
The soil within the slot was removed by vacuum . Power from a 3/4-hp 
electric motor was transmitted through a speed reducer and chain drive 
to the arbor which rotated the saw blades at. approximately 250 rpm . 
Figure 8 shows the unit mounted on the dynamometer stand . The unit was 
raised from operating position with pneumatic cylinders when not in use . 
Soil Sampling Equipment 
A cylindrical tube of 1.61 inches diameter (Figure 9 (a}) was used 
to take core samples from the soil for density and moisture determinations. 
The length of the sample could be changed using a round wooden gaging 
member. This device shown in the left of Figure 9 was also used by 
Schafer to take s oil samples. 
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Figure 7. Isometric view of tillage tool surface and 
standards 
Figure 8. Mounting of soil saw 
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A similar device shown on the right of the density and moisture 
sampling equipment (Figure 9 (b)) was used to take samples for deter -
mination of soil strength parameters . 
The device used to confine the sample for clod size distribution 
analysis, fabricated from 18-gage galvanized sheet steel, cons isted of 
four perpendicular sides to define the periphery of the sample. Pieces 
of angle steel were placed on two opposite sides t o serve as a depth gage 
when inserting the sampler in the soil. An angle section of sheet steel 
provided a lower boundary when taking a clod size distribution sample . 
The clod size distribution sampler with the false bottom is shown on the 
right in Figure 9 (c). 
Clod size distribution, (aggregate distribution) samples were 
processed using a nested sieve shaker arrangement and Mettler balance 
(Figure 10). 
Force Dynamometer 
The force dynamometer consisted of f our l/2-inch by l-inch aluminum 
sensing elements. Two sensing e lements were horizontally suspended a nd 
two were ve.rtically suspended by a f r amework which supported the dynamome-
ter and tillage tool as sembJy on the dynamometer stand. The unit could 
be raised {rom the operating position with pneumatic cylinde rs when desired. 
SR-4 strain gages were attached to the sensing elements to facilitate 
measurement of strain when the elements were subjected to force. The 
strain gages on the sensing elements, oriented in the same manner, were 
resistive components of an electrical circuit as shown in Figure ll such 
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Figure 9. Soil sampling equipment 
Figure 10 . Nested sieve and shaker assembly for determining ag-
gregate· distribution data 
Figure 9. a) 
b) 
c) 
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Core sampler for density and moisture content 
Core sampler for soil strength samples 
Aggregate distribution sampling equipment 
Figure 10. Nested sieve and shaker assembly for determining 
aggregate distribution data 
FRONT VIEW 
TOP VIEW 
STRAIN GAGE 
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STRAIN GAGE BR IDGE 
Figure ll. Two-dimensional force dynamometer and 
strain gage circuits 
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that only strains produced by axial for ce and force perpendicular to 
the plane containing the sensing elements were measured . Schafer (17) 
showed that the sensitivity of the electrical circuit to axial force was 
neg lig ibl e compared to perpendicular f orce . 
The force dynamometer shown in Figures 11, 12 and 13 measured draft 
force and vertical force acting at the point of attachment of the tillage 
tool. Schafer (17) designed and built a force dynamometer utilizing the 
same principles to measure draft force . 
The tillage tool was mount ed on the force dynamometer separate from 
the oscillation power unit (Figure 14). This made it necessary to resolve 
the forces sensed by the dynamometer into a vertical for ce and draft 
force acting on the tillage tool (see Appendix A). 
An Offner Type R Dynagraph Recorder (Figure 15) was used to power 
the strain gage circuits, amplify and record voltages proportional to 
the forces sensed by the dynamometer. 
Torque Meas urement 
The torque required for oscillation of the tillage tool was sensed 
by a slip-ring torque meter shown in Figures 16 and 17. It consisted of 
a 4-ar m strain gage bridge circuit attached to a section of l/2-inch 
diameter aluminum shafting in the drive shaft of the power unit and a 
slip-ring assembly. The slip-ring assembly provided electrical conne c-
tions between the strain gage bridge and the recorder. 
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Figure 12. Top view of force dynamometer 
Figure 13. Side view of force dynamometer 
Figure 14. 
Figure 15. 
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Relative locations of drive motor, torque meter 
and d.c. tachometer generator 
Data recording and processing equipment 
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Figure 16. Cross-sectional view of slip ring torque meter 
Figure 17. Close-up of slip ring torque meter 
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Velocity Measurement 
The r elat ive velocity of the tillage tool coordinate system to the 
soil coordinate system was measured by attaching the tachometer generator 
shown in Figure 18 to the driveshaft which transported the soil bin past 
the dynamometer stand. Another chain driven tachometer generator (Fig-
ure 17) measured the angular velocity of the four-bar linkage drive. 
Each tachometer generator generated a d . c. voltage directly pro-
portional to the rotational speeds of their respective driveshafts thus 
providing a means of recording speeds continuously . 
Energy and Power Measurement 
The draft power was computed by determining the average draft force 
(see Appendix A) and multiplying it by the relative velocity of the tool 
with respect to the soil bin. 
The energy required for oscillation of the tillage tool was computed 
with an Electronic Associated Model TR-20 Analog Computer using the 
t2 
mathematical model of E0 =S Pdt, where E0 is the energy required during 
t 
the time interval, t2-t0 , P is the instantaneous power required. But 
P = Tw, where T and uu are the instantaneous torque and angular velocity, 
respectively. 
Field Test Equipment 
In order to determine the field operating characteristics of a tillage 
tool utilizing the vibratory tillage principle, a commercial subsoiling 
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Figure 18. D.C. tachometer generator for sensing velocity 
of soil bin 
Figure 19. Artesian subtiller 
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tillage tool, the Artesian Sub-Tiller (Figure 19), desig ne d and manu-
factured by the All Products Company of Mineral Wells, Texas, was used . 
The machine induces tool motion by rotation of an eccentric mass in a 
plane pe rpendicular to the direction of forward travel . 
The Artesian Sub-Tiller was powered by a John Deere model 4010 farm 
tractor . A hydraulic pull meter shown in Figure 20 was connected between 
the tractor drawbar and the hitch of the tillage tool for determining 
the average draft force during operation . The torque required to rotate 
the eccentric mass drive was determined using a hydraulic torquemeter 
shown in Figure 2lo 
The forward speed was assumed as 90 percent of the speed indicated 
by the tractor engine tachometer. The depth of tillage was measured by 
forcing a ruler into the tilled region behind a sub-tiller ripper blade 
until excessive resistance was encountered. 
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Figure 20. Location of hydraulic draft meter 
Figure 21. Location of hydraulic torque meter 
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EXPERIMENTAL PROCEDURE 
Calibration of Equipment 
The horizontal force-sensing element of the force dynamometer was 
calibrated using a weight pan and pulley arrangement. A nylon cord was 
attached to the tool surface and extended horizontally to a ball bearing 
pulley and then vertically to the weight pan. Thus, the incremented 
horizontal force acting on the tillage tool was equal to the incremented 
weight added to the pan. The input voltage to the strain gage bridge 
and the amplification of the output voltage on the Offner Dynagraph re-
corder was adjusted to a sensitivity of 4 pounds per line of pen deflection. 
The vertical force-sensing element was calibrated in like manner 
except that the pan was suspended vertically by a nylon cord from the 
tillage tool surface. A total load of 60 pounds was placed on each 
sensing element. 
The deflection of the pen-sensing strain in the vertical force -
sensing element was noted when the horizontal force-sensing element was 
being calibrated; thus, information for resolution of forces as discussed 
in Appendix A was obtained. 
The slip-ring torque meter was calibrated by fixing the input shaft 
stationary and suspending weights from a nylon cord attached to a hori-
zontal member on the output shaft such that there was a horizontal dis -
tance of 1 foot between the center of rotation of the output shaft and 
the line of action of the force caused by the weights. The input voltage 
to the strain gage bridge sensing torsional strain and the amplification 
of the output voltage signal was adjusted to a sensitivity of 0.25 foot-
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pounds torque per line of pen deflection. The maximum t or que for cali-
bration was 20 foot - pounds . 
A d.c. tachometer generator used for measuring angular velocity of 
oscillation was calibrated at the various speeds of the hand drill motor 
by measuring the voltage output of the generator at these speeds with a 
digital d.c. voltmeter. The voltage output from this generator was 
found to be 0 . 022 volts per revolution per minute . 
The d .c. tachometer generator used for measuring the forward velocity 
of the tool relative to the soil was calibrated by Schafer (17) such that 
when the output of the generator was attenuated by a potentiometer set 
at 0.6228 and the amplifier gain of the recorder was 50 millivolts per 
centimeter, the sensitivity of the pen would be 20 feet per minute per 
line of pen deflection. 
The hydraulic pullmeter used in the field was not calibrated since 
it was equipped with a gage which could be read in pounds of force . 
1 
The hydraulic torquemeter designed and built by Buchele had a 
sensitivity of 1.39 lb-ft per psi of pressure differential. 
Design of Experiments 
The laboratory experiments were planned over a wide range of oper-
ating conditions; three forward speeds (80 fpm, 160 fpm, 240 fpm), four 
frequencies (0 cpm, 629 cmpm, 746 cpm, 1889 cpm), two angles of tillage 
1Buchele, W. F. Priyate communication, Iowa State University, Ames, 
Iowa. 1965 . 
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blade with respect to the horizontal (25°, 40°), three combinations of 
moisture content and bulk volume weight of Colo clay loam soil . Colo 
clay loam is an Iowa soil containing 32 . 8 percent clay, 41 . 3 percent 
silt and 25 .9 percent sand (l, 13). 
Preliminary studies were conducted with soil conditions of 17.2 
percent average moisture content (dry basis) and wet bulk volume weight 
of 1.183 gm/cc . The tillage tool was operated at all unique combina-
tions of forward speed and frequencies with each tillage blade angle . 
A low density and moisture content were chosen for the preliminary 
studies. Clod size distribution sampling methods were developed under 
these conditions. 
A forward speed was selected and a test was conducted for each 
frequency (four tests per bin) after soil preparation in a bin had been 
completed. The locations of the tests relative to the frequencies were 
selected at random thus eliminating confounding of treatment with loca -
tion within bin . Two test runs were completed for each combination of 
frequency and forward speed except 80 fpm during the preliminary studies . 
Soil fitting, sampling and other operational techniques were established 
during preliminary testing. 
The final experimental design chosen consisted of five factors 
(tillage blade angle, soil condition, forward speed, bin preparation 
effect and frequency) in a modified factorial design. 
The statistical model for the treatment response for draft (Rx), 
torque (T), and dimensionless input energy term (E/V2 ) was 
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y .. k(n) =P..+ A·+ B· + AB·· + Ck + AC.k + BC-k + ABC . . k ~J ~ m ~ J ~J 1. J l.J 
+ Error1 + F + AF· + BF· + ABF · · + CFk m ~m Jill l.Jm m 
+ ACFikm + BCF.k + ABCF . . k + Error 2 ; J m ~J m 
where Yijk(R)m = observed response, 
)_,.(.. = overall mean, 
A. 
~ 
B· J 
ck 
Fm 
Error1 
= tillage blade angle effect, i = l' 2 
= soil condition effect, j 
= forward speed effect, k = 
= frequency effect, m = l' 
= error term for factors A, 
which is the variation of 
treatment combinations of 
= 1' 2, 3 
l' 2' 3 
2' 3, 4 
B, C and their interactions 
bin preparation within 
factors A, B and C, and 
= error term for factor F and its interaction with 
factors A, B and C which is the interaction of 
factor F with Error1 • 
The statistical model for the measurements of clod size distribution 
parameters contained all terms in the above model plus a sampling error 
term. 
Soil Fitting 
A soil preparation technique was adopted similar to that used by 
Larson (13). This involved adding moisture if required , roto-tilling, 
and screeding to a level surface and compacting soil with several passes 
of the roller. The soil was covered with plastic sheeting when not be-
ing prepared or tested to minimize moisture loss. 
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The soil was tilled twice with a rotary tiller (Figure 22) prior to 
any other soil fitting process after the moisture content had been ad -
justed to the proper level . The tests involving the lower moisture con-
tent level were conducted before those of the higher level . 
After rotary tilling , adjustable end const r i ctions (Figure 23) were 
placed in each end of the soil bin. These constrictions prevented soil 
movement in a lateral direc tion during the soil compaction. 
The next process was initial leveling of the soil surface with the 
wooden board shown in Figure 24. Final leveling was accomplished using 
the blade mounted on the soil fitting framework shown in Figure 25. 
A powered roller shown in Figure 26 was used to compact the soil . 
Several passes over the soil surface were usually required to compact 
to the desired density . The position of height of the roller and the 
direction that it passed over the soil surface during each pass was the 
same for every fitted bin of soil within a given moisture and density 
level. 
After the soil was compacted to the desired density, core samples 
were taken for moisture content, bulk volume weighl and strength de -
termination using equipment previously described . The core samples were 
taken from random points located within the center section of the soil 
bin in positions where the slots for the tool standards would be cut . 
Figure 27 shows the soil strength core sampler inserted in the soil mass 
at a position to be slotted as indicated by the bicolored board in the 
1Bulk volume weight was designated by the symbol w and determined 
in dimensions of force per unit volume on the basis of wet weight. 
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Figure 22. Rotary tilling of soil 
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Figure 23. Location of adjustable end constriction 
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Figure 24. Initial leveling of soil surface 
Figure 25. Final leveling of soil surface 
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Figure 26. Compaction of soil with powered roller 
Figure 27. Soil strength core sampler positioned in soil 
with aid of b icolored board 
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background . Three samples for moisture and bulk volume weight deter-
mination and five samples for strength determination were taken from bins 
fitted alike . Figure 28 shows removal of a strength sample after being 
cut to a 3-inch length using a knife and the gaging member . 
The soil strength samples were tested in a triaxial soil strength 
testing machine designed and built by Schafer (17) and modified by Shuman 
(21) as shown in Figure 29 . Each sample was covered with a rubber mem-
brane and fitted in the machine as shown in Figure 30. The rubber mem-
brane prevented excess air from entering into the soil sample when the 
minor stress was applied by means of air pressure . From each set of five 
samples, three were tested with zero minor stress, one was tested with a 
minor stress of 10 psi and one with a minor stress of 14 psi. 
The soil saw was positioned as shown in Figure 31 using the bi -
colored board previously used for taking soil core samples . The slots 
were cut to a depth of 1.75 inches . This r equired multiple passes (in-
creasing the depth with each pass) in the higher density soil . The soil 
bin was moved under the soil saw unit at the lowest speed possible using 
the low speed drive unit in a direction so that the saw teeth entered in 
undisturbed soil . The disturbed soil within the slot was removed using 
a vacuum cleaner. Figure 32 shows the fina l appearance of the prepared 
soil mass prior to tillage testing. A total of four tillage tests were 
conducted from each soil preparation . 
Tillage Tool Testing 
The tillage too l surface was centered over a soil ridge as shown in 
Figure 33. The cutting edge was placed on the soil surface at the mid -
Figure 28. 
Figure 29. 
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Removal of soil strength sample from core 
sampler 
Triaxial soil strength testing machine 
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Figure 30. Appearance of soil strength sample after failure 
Figure 31. Positioning of soil saw 
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Figure 32. Prepared bin of soil 
Figure 33. Positioning of tillage tool over prepared ridge 
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point of the stroke of tool oscillation and then lowered 1 .5 inches 
(average depth of cut). With the tillage tool in the raised position 
the relative speed of the soil bin to the tillage tool was adjusted 
with the variable high speed drive unit to a desired value of 80 fpm, 
160 fpm or 240 fpm. The relative speed was the same for tillage of 
all four ridges in each soil bin preparation. 
The tillage tool was returned to the tillage position and the desired 
frequency of oscillation was selected: 0 cpm, 629 cpm, 746 cpm or 1889 
cpm. With the hand drill operating the tool at the desired f requency, 
the channels of the Offner Dynograph recording horizontal force, vertical 
force and torque were adjusted so that zero strain gage bridge output 
positions coincided with mechanical and electrical zero pen positions . 
Before each test, the analog computer was operated to record any integrated 
error signal and the integ rators were then returned to their initial con-
ditions. This made it possible to correct for error . 
In order to eliminate any transient signal from being integrated 
and recorded, the analog computer integrating circuits were energized 
shortly after the tillage tool had made initial contact with the soil 
ridge. Figure 34 is an example of the recorded results obtained during 
one test. The 8-channel record in Figure 34 represents the following 
from left to right: 
Channel no . 1 - horizontal force sensed by for ce dynamometer 
Channel no. 2 - speed of soil bin 
Channel no. 3 - vertical force sensed by force dynamometer 
Channel no. 4 - torque sensed by torquemeter 
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Channel no . 8 - energy of oscillation 
The integrating circuits were calibrated before each series of runs with-
in a bin by simulating known values of draft (Rx), forward speed (V), 
torque (T) and rotational velocity (60) with voltages and allowing t he 
circuits to operate . 
The next step in the experimental procedure was to remove clod dis -
tribution samples from the tilled section (Figure 35) using the sampling 
equipment previously described. TWo samples were taken at random from 
each tilled section in the central region of the soil bin where soil 
cores were previously taken . Figure 36 shows a sample prepared for re-
moval from the tilled section . Each sample was placed as gently as 
possible in the top sieve of the sieving equipment (Figure 37) and the 
sample was processed with the shaker control set at the midpoint of its 
range and operating for one minute . The soil retained on each sieve was 
weighed and recorded . Sieve sizes were 1.0 in . , 0 . 75 in . , 0 . 50 in., 
0 .375 in . , 0 . 185 in . and 0 . 093 in . 
The tilled soil moved by tillage into the slot was removed 
to prevent interference with the tillage tool standards in subsequent 
tests . 
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Figure 34. Recorded data 
Figure 35. Appearance after tillage 
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Figure 36. Soil aggregate sample 
Figure 37. Placement of soil aggregate sample into sieves 
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ANALYSIS OF DATA 
Soil Condition Data 
Bulk volume weight and moisture content was determined from wet 
weights, dry weights and volumes of core samples. Unconfined compressive 
strength was determined by using one-half of the average value of princi -
pal stress developed with no minor stress on the soil samples. Apparent 
cohesion and internal friction were calculated from triaxial shear test 
data using the method developed by Shuman (21). Means and coefficients 
of variation of soil condition data are shown in Table 2. 
Table 2 . Soil condition means and coefficients of variation 
Property 
Moisture content, '7o (dry basis) 
Bulk volume weight, gm . /c c. 
(wet weight) 
Unconfined compressive 
strength, psi. 
Test series 
DlMl -25a 
D2M2 - 25 
D3M2 - 25 
D4M2-25 
D2Ml-40 
D3M2 - 40 
D4M2 - 40 
DlMl - 25 
D2Ml - 25 
D3M2 - 25 
D4M2 - 25 
D2Ml-40 
D3M2 - 40 
D4M2 - 40 
DlMl-25 
D2Ml - 25 
D3M2 - 25 
D4M2 - 25 
D2Ml - 40 
D3M2-40 
D4M2 - 40 
Mean 
17 . 2 
l7 . 4 
21.3 
21.4 
17.3 
21.1 
31.0 
1.18 
1. 42 
1.28 
l. 36 
1.42 
1.30 
1.37 
3.46 
6.59 
7 . 13 
9 . 7 0 
6 . 7l 
6.12 
9.90 
cv (%) 
3 .95 
2 . 01 
3 . 37 
2 .12 
3 . 10 
1.46 
0 . 90 
0 . 43 
o. 7l 
2 .15 
1.42 
0 . 95 
l. 39 
l. 65 
7.86 
2 . 15 
6 .43 
6 . 7 2 
ll. 22 
12 . 94 
14.01 
aD2Ml-25 identifies test series as density level 2, moisture level 1 
and tillage tool blade angle of 25°, etc. 
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Power Input Data 
Power r equired for draft and torque was determined from the oscil-
lograph for each test run. The average draft was calculated (Appe ndix A) 
from the average values of horizontal and vertical forces sensed by the 
force dynamometer . Average forces were determined graphically from the 
oscillograph records. The power for draft was ca lculated as the product 
of the average draft force and the forward speed. 
Average power for oscillation was calculated as oscillatory energy 
input divided by the time interval over which the energy input took 
place. Responses when no external signal (error signal) ~as present 
were subtracted thus eliminating any effect of bias voltage in the in-
strumentation. 
Clod Size Distribution Data 
The weight of soil retained on each sieve after sieving of each 
sample was converted to percent r etained on each sieve. The sum of 
products of percent retained and midpoint of size range was calculated 
for each sample. The computing method of determining mean weight dia-
meter proposed by Younker and McGuinness (27) was used to calculate mean 
weight diameter (Y = 0.876 X -0. 079 , where X= sum of products andY= 
mean weight diameter). 
The average of two clod lengths for each clod size sample was used 
as an additional method of determining clod size. 
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Dimensionless Terms 
Numerical data, previously described, in addition to forward velocity, 
gravitational acceleration, length of stroke and aver.age depth of tillage 
were combined to form va1ues of E/V2 , D1 , D2 , D3 , a , wL/ V, V
2/gd and S/wd 
as tabulat~d in Appendix B, where 
Dl = ratio of mean weight diameter to average tillage depth, 
D2 = ratio of clod length to average tillage depth, 
D3 = ratio of ave r age tillage depth to the size modulus of the 
resulting clod size distribution , and 
a = distribut i on modu lus of the resulting clod size distribution . 
Field Data 
The torque required to operate the Artesian Sub - Tiller and the re -
quired drawbar pull was measured for various operating conditions. The 
operating conditions were defined by forward speed , frequency of os -
cillation and depth of tillage. The forward speed ranged f r om approxi-
mately 0 . 8 mph to 3 . 2 mph . The frequen cy of oscillation ranged from 0 
cpm to 1,042 cpm. The depth of tillage ranged from approximately 15 
i nches to 20 inches . Data was taken in two field locations: 
Field l - Located on the Iowa State University Animal Science Farm 
south of Ames, Iowa 
Field 2 - Located on the Iowa State University Agronomy and Agricul-
tural Engineering Research Center west of Ames, Iowa. 
The forward speed was calculated assuming 10 percent travel reduction 
and the average depth of tillage was determined by averaging the depths 
of the tilled slot behind ea ch ri pper blade. 
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DISCUSSION OF RESULTS 
Results from Field Data 
The influence of the operating conditions on the draft force and 
the torque requirements of the Artesian Sub -Tiller using multiple linear 
regression analysis were analyzed separately . 
The draft force and the torque were regressed linearly on the fre-
quency of oscillation (f) in cycles per min, the calculated forward 
speed (MPH) , and the average depth of tillage (d) in inches. The hypothe-
sis that each regression coefficient equals zero was tested using the 
"t" test. 
The linear regression coefficients of f were significant at the 1 
percent level (Table 5) for both draft and torque for data from both 
locations. The regression coefficients were negative for draft indicating 
that draft was significantly reduced when the tillage tool was vibrated. 
The regression coeffic ients for torque are positive indicating there was 
significant increase in torque requirement when the tillage tool was 
vibrated . 
The linear regression coefficients of MPH were not significant for 
draft or torque for data from Field 1 but were significant for both draft 
and torque for data from Field 2 . The data show that an increase in 
forward velocity (MPH) caused an increase in draft (Rx) and a decrease 
in torque (T) though more data are needed to verify or nullify these 
trends. 
The linear reg r ession analysis shows that an increase in tillage 
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depth (d), caused a significant increase in draft but did not signifi-
cantly affect torque . 
Figures 38 and 39 show the relative goodness of fit of the multiple 
linear regression equations chosen to represent the trends in the data 
from Field 2 . Depth and forward velocity were deleted as variables in-
fluencing torque since they were not found to be significant (Table 3). 
A 
The prediction equation for draft was Rx = - 10647 . - 0 . 8339f + 522 . 28 MPH 
" + 903 . 25d, where Rx = predicted draft . The prediction equation for torque 
wasT= 1 . 64 + 0.0383f, where~= predicted torque . 
Table 3. Multiple linear regression ANOV of field data 
I . Analysis of data from Field 1 
A 
Draft as dependent var i able, Y, (Y = b 0 + b 1f + b2MPH + bd) 
Source 
Regression 
Residual 
Total 
df 
3 
6 
9 
Sum of squares 
4867850 . 0 
134651.0 
5002501.0 
Mean square 
1622600.0 
22442 . 0 
Regression c oefficients and cal culated t values: 
bo = - 57 31.0 t - 4 . 830** 
bl = - 1.030 t = -9 . 358** 
b2 = 152.3 t = 2 . 27 9 
b3 = 753 . 6 t = 11.239** 
Torque as dependent variable, y 
Source df Sum of squares Mean square 
Regression 3 4148.92 1383 . 0 
Residual 6 119 . 64 19 . 939 
Total 9 4268 . 56 
Regression coefficients and calculated t values : 
bo = -39.24 t = -1.110 
bl = 0 . 0472 t 14.381** 
b2 = - 2. 071 t = - 1.040 
b3 2 . 569 t l. 286 
**signif icant at the 1 percent level . 
F ratio 
72 . 30** 
F ratio 
69.36** 
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Table 3. (Continued) 
II. Analysis of data f rom Field 2 
1\. 
Draft as dependent variable, Y, (Y = b
0 
+ b 1 f + b 2MPH + b 3d) 
Source 
Regression 
Residual 
Total 
df 
3 
27 
30 
Sum of squares 
9465010 . 0 
1262420 . 0 
10727430 . 0 
Regression coefficients and calculated t values : 
b = -10647. 0 
bo = - 0 . 8339 
bl = 522 . 3 2 
b_ = 903 . 3 
.j 
Torque as dependent 
Source 
Regression 
Residual 
Total 
variable, 
df 
3 
27 
30 
y 
t = - 6 . 912** 
t = - 8 . 414** 
t = 9 . 693** 
t = 9.823** 
Sum of squares 
757 6 . 54 
1080 . 40 
86 56 . 94 
Regression coefficients and cal culated t values: 
b = - 17 .52 t = - 0 . 389 
0 
0 . 0394 bl t = 13 . 601** 
b2 = - 3 .543 t = - 2 . 248* 
b3 = 1.577 t = 0.586 
* Significant at the 5 percent level . 
Mean square F ratio 
3155000.0 67. 48** 
46 75 6 . 0 
Mean square F ratio 
2526.0 63.11** 
40 . 02 
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Results from Preliminary Laboratory Study 
Preliminary data were analyzed using multiple regression to deter -
mine significance of independent dimensionless quantities . 60L/V and 
v2/gd were varied in the preliminary data and there was some variation 
of S/wd when comparing one bin preparation with another. 
2 . 
and a were regressed linearly on CUL/V, V /gd and S/wd . 
The hypothesis that each regression coefficient equals zero was 
tested using the "t" test. The linear regression coefficient for '-'>L/V 
(see Table 4) was found to be significant at the 1 percent level [to . Ol 
= 2.921, to.os = 2 .1 20 , df = 16; according to Steel and Torr i e (23)] 
when considering E!V2 as the dependent term and was significant only at 
the 5 percent level when considering D1 as the dependent term. The re-
gression coefficient for oVL/V was the only one approaching significance 
when considering D3 as the dependent term (significant at the 10 percent 
level). The regression coefficient for v2/ gd was significant at the 5 
percent level when considering a as the dependent variable. 
The regression coefficients for S/wd were not significantly differ-
ent from zero for any of the dependent variables which indicates that 
the variation of S/wd when comparing one bin preparation with anothe r did 
not significantly influence the dependent variable response. 
The multiple linear regression equation did not sufficiently ex-
plain the variation of response for D1 , D3 and a shown by the nonsig -
nificance of the calculated F ratios. This indicates that some other 
functional form would be more appropriate when considering these vari-
ables. 
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Table 4 . Multiple linear regression ANOV of preliminary data 
2 A 2 
E/V as dependent variable, Y , (Y = b 0 + b 1 (wL/V)+ b2 Cv /gd) + b3 (S/wd) 
Source df Sum of squares Mean square 
Regression 
Residual 
Total 
3 
16 
19 
0.0304 
0 . 0087 
0 . 0391 
Regression coefficients and calcula ted t values: 
bo = 0.1289 
bl = 0 . 0494 
b2 = -0.0026 
b3 = - 0 . 0026 
Dl as dependent 
Source 
Regression 
Residual 
Total 
variable, 
df 
3 
16 
19 
y 
t = 1.165 
t = 5. 677** 
t = -0.432 
t = -1. 082 
Sum of squares 
0. 0187 
0.0329 
0 . 0516 
Regression coefficient and calculated t values: 
b = 0 . 6250 
bo 
1 = -0.0428 
b2 = 0.0090 
b3 = -0.0091 
D3 as dependent 
Source 
Regression 
Residual 
Total 
variable, 
df 
3 
16 
19 
y 
t = 2 . 896* 
t = - 2 .5 32* 
t = 0 .754 
t = -1. 942 
Sum of squares 
0.3574 
1.2619 
Regression coefficients and calculated t values: 
bo = 
bl = 
b2 = 
b 3 = 
- 0 .42 99 t = -0.322 
0.2049 t = 1. 951 
- 0 . 0134 t = - 0 . 181 
0 . 0310 t = l . 067 
**Significant at the l percent level . 
*Significant at the 5 percent level. 
0 . 0149 
0 . 0005 
Mean square 
0.00624 
o. 002 06 
Mean square 
0 . 1191 
F ratio 
18 .72** 
F ratio 
3.03 
F ratio 
1. 51 
Table 4. · (Continued) 
a as dependent variable, Y 
Source 
Regression 
Residual 
Total 
df 
3 
16 
19 
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Sum of squares 
0.0006 
0 . 0019 
Mean square 
0 . 0002 
o. 0001 
Regression coefficients and calculated t values : 
bo = 0 . 1389 t = 2 . 684* 
b = 0 0 002 7 t = 0 . 666 
bl = 0 . 0062 t = 2 . 161* b~ = - 0.0021 t = - 1.823 
F ratio 
1. 67 
A logarithmic regression equation of the form, ln Y = ln a + b
1 
ln 
( WL/V + l) + b2 ln (V
2/gd) + E:. , (where Y is the dependent variable; a, b 
and c are constants and € is the random error) was fitted to the prelimin-
ary data using the least-squares method (23) on the transformed data . 
Ln a , b1 and b2 were highly significant f r om zero when considering 
E/V2 as the dependent variable; but b2 was not significant when consider -
ing D1 and b1 and b2 were not significant when considering D3 and a as 
the dependent variables (see Table 5) . 
Table 5 . Logarithmic regression ANOV of prelimina ry data 
E/V2 as dependent variable , Y, [ln Y = ln a+ b1 ln(wL/V+l)+ b2ln(V2/gd)] 
Source 
Regression 
Residual 
Total 
df 
2 
17 
19 
Sum of squares 
26 . 794 
2 . 647 
29 . 441 
**Signifi cant at the 1 perc ent level. 
Mean square 
13 . 397 
0 . 1557 
F ratio 
86 . 05** 
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Table 5. (Continued) 
E!V 2 as depe ndent variable, Y, [ ln Y = ln a+ b1ln(wL/V+l)+ b 2ln(V 2/gd)] 
Source df Sum of squares Mean square 
Regression coefficients and calculated t values: 
ln a = -4.769 
bl = l. 809 
b2 = - 0 .939 
Dl as dependent 
Source 
Regression 
Re sidual 
Total 
variable, 
df 
2 
17 
19 
t = - 26 . 053** 
t = 6 . 621** 
t = -7. 883** 
y 
Sum of squares Mean square 
0 . 494 
1.401 
l. 895 
0 . 2469 
0.0824 
Regression coefficients and calculated t values: 
ln a = -1.586 t = -11. 908** 
bl = - 0 .486 t = - 2.442* 
b2 = - 0 . 0944 t = -1. 089 
03 as dependent variable, y 
Source 
Regression 
Residual 
Total 
df 
2 
17 
19 
Regression coefficients 
ln a = - 0 . 0134 
bl = 0.3061 
b2 0 . 07 60 
a as dependent 
Source 
Regression 
Residual 
Total 
variable, 
df 
2 
17 
19 
Sum of squares 
and 
y 
0 . 203 
0.995 
1.198 
calculated t 
t = - 0 . 119 
t = l. 82 7 
t = 1 . 040 
Sum of squares 
0 . 0089 
0. 9237 . 
0.9326 
Mean square 
0 .1 015 
0.0585 
values: 
Mean square 
0 . 0044 
0.0543 
Regression coefficients and ca lculated t values: 
ln a 
bl 
b 
= 
= 
= 
- 2 . 993 
o. 0502 
0 . 0236 
t = -27.679** 
t = 0 . 311 
t = 0.335 
*Significant at the 5 pe rcent level. 
F ratio 
F ratio 
2.99 
F ratio 
1.73 
F ratio 
0.008 
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Results from Furthe r Laboratory Studies 
Analyses of variance of treatment responses for draft, torque, mean 
weight diameter, clod length, size modulus (k), distribution modulus ca ) 
_a 
and k were conducted as previously defined by a modified factorial de -
sign employing the IBM 360-50 digital computer of the University Compu-
tation Center. 
The factorial analysis of variance for draft (Table 6) indicates 
that highly significant factors include the tillage blade angle, A, soil 
condition, B, blade angle-soil condition interaction, AB, (Figure 40; 
D2Ml, D4M2 and D3M2 refer to soil condition), velocity and blade angle-
velocity interaction, AC, (Figure 41) . The soil condition-velocity inter-
action, BC, (Figure 42) was significant at t he 5 percent level . The 
frequency of oscillation, F, and the other interactions were found not 
to be statistically significant. Draft was lowest at a frequency of 629 
cpm (Figure 43). 
The analysis of variance for torque (Table 7) showed that all sources 
of variation except velocity were found to be significant at either the 
l percent or 5 percent level of significance. 
The analysis of variance for mean weight diameter (Table 8) showed 
that the tillage blade ang l e, A, soil condition, B, and the blade angle -
soil condition interaction, AB , were highly significant. The interaction 
of blade angle, soil condition and velocity, ABC, (Figure 44) was sig-
nificant at the 5 percent level . All other sources of variation were not 
statistical l y significant. 
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Tabl e 6. Analysis of variance for draft 
Source of Degrees of Sum of Mean Calculated 
variation freedom squa res squares F 
A - blade angle 1 2 97 4 . 7 2974 . 71 88 . 307** 
B - soil condit ion 2 3003 . 0 1501 . 51 44 . 574** 
AB 2 3691.0 1845 . 52 54 .7 86** 
c - velocity 2 1344. 7 67 2 . 35 19 . 959** 
AC 2 594. 1 2 97 . 03 8 . 818** 
BC 4 394 . 4 98.59 2 . 927* 
ABC 4 160 . 5 40.13 1.191 
Error 1 18 606 . 3 33.69 
F - f r equency 3 120 . 8 40.27 1. 67 5 
AF 3 22 . 4 7 . 47 0.310 
BF . 6 131.7 21 . 95 0 . 913 
ABF 6 101 . 4 16 . 89 0 . 703 
CF 6 112 . 9 18 . 81 0 . 783 
ACF 6 15 . 8 2 . 63 0.109 
BCF 12 329 . 4 27 . 45 1.142 
ABCF 12 241.9 20 . 16 0 . 839 
Error 2 54 1298 . 1 24 . 04 
Total 143 15143 . 1 
**Significant a t the 1 percent level . 
*Significant at the 5 per cent level . 
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Table 7 . Analys is of variance for torque 
Source of Degrees of Sum of Mean Calculated 
variation f r eedom squares squares F 
A - blade angle l 0 . 0581 0 . 0581 7. 545* 
B - soil condition 2 0.1571 0 . 07 85 10.195** 
AB 2 0 . 227 0 0 .11 34 14 . 740** 
c - velocity 2 0 . 0428 0 . 0213 2 . 77 9 
AC 2 0.0671 0 . 0336 4 . 364* 
BC 4 0 . 1825 0.0456 5.922** 
ABC 4 0 . 1318 0 . 0330 4 . 273* 
Error l 18 0 . 1385 o. 0077 
F - frequency 3 0 . 2 316 0 . 077 2 34 . 387** 
AF 3 0 . 0226 0 . 0075 3 . 356* 
BF 6 0 . 073 5 0 . 0122 5 . 457** 
ABF 6 0 . 07 97 0 . 0133 5.915** 
CF 6 0 . 07 81 0 . 0130 5.797** 
ACF 6 0 . 0847 0 . 0141 6 . 288** 
BCF 12 0 . 2212 0.01 84 8 .211** 
ABCF 12 0 . 1376 0 . 011 5 5.1 06** 
Error 2 54 0 . 12 12 0. 0022 
Total 143 2 . 0549 
*Significant at 5 pe rcent level . 
**Significant at l percent level. 
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Table 8. Analysis of variance for mean weight diameter 
Source of Degrees of Sum of Mean Cal cu la ted 
variation freedom squares squares F 
A - blade angle 1 2.2337 2 . 2337 83 . 037** 
B - soil condition 2 0 . 6848 0 . 3424 12.729** 
AB 2 1 . 387 0 0 . 6935 25.781** 
c - velocity 2 0.0656 0 . 0329 1.223 
AC 2 0 . 1300 0.0650 2 . 413 
BC 4 0 . 1529 0.0382 1.420 
ABC 4 0 . 4191 0 . 1048 3.896* 
Error 1 18 0 . 4858 0. 02 7 0 
F - frequency 3 0 . 02 83 0 . 0094 o. 57 0 
AF 3 0.0678 0. 0226 1.370 
BF 6 0 . 0818 0 . 0136 0 . 824 
ABF 6 o. 0771 o. 012 9 0. 7 82 
CF 6 0 . 0802 o. 0134 0 . 812 
ACF 6 0.0669 0 . 0112 o. 67 9 
BCF 12 0 . 2711 0 . 0226 1.370 
ABCF 12 0 . 1230 0 . 0102 0 . 618 
Error 2 54 0 . 8904 0 . 0165 
Sampling error 144 2.0556 0 . 0143 
Total 287 9. 3 012 
**Significant at 1 percent level. 
*Significant at 5 percent level . 
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Clod length (Table 9) was found to be influenced most by the blade 
angle -velocity interaction, AC, (Figure 45) which was significant at the 
10 percent level. 
The soil condition, B, and the blade angle-frequency interactions, 
BF, (Figure 46) significantly influenced the distribution modulus,a, 
(Table 10) at the l percent level. Frequency effect, F, was significant 
at the 5 percent level . 
The size modulus, k, (Table ll) was significantly influenced by 
soil condition, B, and the blade angle, soil condition and velocity 
interaction, ABC, (Figure 47) at the l percent level. The velocity, C, 
blade angle-velocity interaction, AC, and soil condition-velocity inter-
action, BC, was significant at the 5 percent level. 
_a 
The source of variation (Table 12) affecting the term k were the 
same as those affecting mean weight diameter; tillage blade angle, A, 
soil condition, B, blade angle -so il condition interaction, AB, and the 
interaction of blade angle , soil condition and velocity, ABC (Figure 48). 
This would be expected since k_a represents the fraction of aggregates 
smaller than l inch in diameter and the mean weight diameters were 
usually less than l inch (see Figures 49 and 50). 
The applicability of the energy-size reduction relationship (Equa-
tion 5) developed by Schuhmann(l9) was investigated. The regression 
_a 
model E' = A
0
k + 6 (where 6 is the random error) was fitted to the data 
for tillage blade angles of 25° and 40° separately. 
The data for a tillage blade angle of 40° could be represented by 
the regression model . The model equation was found to beE' = 926.78 k-a, 
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where E' =predicted value, with a correlation index (R2 ) of 0 . 830. 
The data for a tillage blade angle of 25° was not as well described by 
the regression model . The model equation was found to beE' = 1025 . 91 k_a 
with a low correlation index of 0 . 516 . These results indicate that com-
munition theory can be applied to tillage when the geometry of the tillage 
tool and operation of the tillage tool are su ch that pulverization is 
the predominant process during tillage . 
Table 9. Analysis of variance for clod length 
Source of Degrees of Sum of Mean Ca l culated 
variation f r eedom squares squares F 
A - blade angle l 0.0188 0.0188 0.014 
B - soil conditi on l 0 . 8400 0.8400 0. 621 
AB l 0.1463 0 . 1463 0 . 108 
c - velocity 2 2 . 3457 1.1729 0.867 
AC 2 9 . 5382 4.7691 3 . 526 
BC 2 3 . 3826 l. 6913 l. 250 
ABC 2 0.0976 0 . 0488 0.036 
Error l 12 16 . 2318 l. 3527 
F - frequency 3 2.0947 0.6982 2 . 043 
AF 3 0 . 9301 0 . 3100 0 . 907 
BF 3 0.1206 0.0402 0 . 117 
ABF 3 0.3385 0.1128 0 . 330 
CF 6 1 . 4089 0.2348 0 . 687 
ACF 6 2 . 087 2 0.3479 l . 018 
BCF 6 l. 9986 0.3331 0 . 97 5 
ABCF 6 2.3045 0.3841 1.124 
Error 2 36 12.3055 0.3418 
Sampling error 96 26 . 5938 0 . 2770 
Total 191 82.7 834 
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Table 10. Ana lysis of variance for distribution modulus, a 
Source of Degrees of Sum of Mean Calculated 
variation freedom squares squares F 
A - blade angle 1 0 . 0001 0 . 0001 0 . 004 
B - soil condition 2 1 . 1456 0 . 5728 21.163** 
AB 2 0 . 1154 0 . 0577 2 . 132 
c - velocity 2 0 . 0883 0 . 0441 1. 630 
AC 2 0 . 0219 0.0109 0 . 405 
BC 4 0 .1018 0.0255 0 . 941 
ABC 4 0.1670 0.0418 1. 912 
Error 1 18 0. 2 813 0 . 0156 
F - frequency 3 0 . 0812 0. 0271 3 . 751* 
AF 3 0 . 0915 0.0305 4 . 228** 
BF 6 0 . 02 09 0 . 0035 0.484 
ABF 6 0 . 0 947 0 . 0158 2 . 189 
CF 6 0 . 0406 0 . 0068 0 . 939 
ACF 6 0 . 0313 0 . 0052 o. 7 23 
BCF 12 0 . 07 93 0.0066 0 . 916 
ABCF 12 0 . 1470 0 . 0122 1. 697 
Error 2 54 0 . 3896 0.0072 
Sampling error 144 1.3510 0.0094 
Total 287 4 . 2485 
**Significant at 1 percent level. 
*Significant at 5 percent level . 
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Table ll. Analysis of variance for size modulus, k 
Source of Degrees of Sum of Mean Calculated 
variation freedom squares squares F 
A - blade angle l 12521.1 12521.1 3 . 446 
B - soil condition 2 63121.2 13560.6 8 . 686** 
AB 2 2 021.7 l 010 . 8 0 . 278 
c - velocity 2 27 964 . 6 13982.3 3.848* 
AC 2 32809 . 5 16404 . 7 4.515* 
BC 4 49140 .7. 12285 . 2 3 . 381* 
ABC 4 71173.5 17793 . 4 4 . 897** 
Error l 18 65399 . 8 3633 . 3 
F - frequency 3 22 054 . 5 7 351.5 1.205 
AF 3 2340 . 7 7 80 . 2 0 . 128 
BF 6 33559 .5 5593 . 2 o. 916 
ABF 6 1560 . 5 260.1 0 . 043 
CF 6 14724 . 4 2454.1 0 . 402 
ACF 6 29067.3 4844.5 o. 7 94 
BCF 12 17536 . 8 1461.4 0.240 
ABCF 12 67006 . 9 5583 . 9 o. 915 
Error 2 54 329397.0 6099.9 
Sampling error 144 850063 . 0 5903.2 
Total 287 1691462.7 
**Significant at l percent level . 
*Significant at 5 percent level. 
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Table 12 . Analysis of variance for k 
Source of Degrees of Sum of Mean Calculated 
variation freedom squares squares F 
A - blade angle l 2. 2884 2. 2 884 79 . 465** 
B - soil condition 2 1.1329 0 . 5664 19 . 670** 
AB 2 l. 7 22 9 0 . 8614 29 . 914** 
c - veloc ity 2 0 . 1465 0 . 0732 2 . 543 
AC 2 0 . 0818 0 . 0409 1 . 420 
BC 4 0.1615 0.0404 l. 749 
ABC 4 0 . 3631 0 . 0908 3 . 156* 
Erro r l 18 0 . 5183 0 . 0288 
F - frequenc y 3 0 . 0397 0 . 0132 0 . 803 
AF 3 0 . l 07 9 0 . 0360 2 . 182 
BF 6 0 . 0762 0 . 0127 0 . 771 
ABF 6 0 . 0911 0 . 0152 0 . 922 
CF 6 0 . 1092 0 . 0182 1 . 104 
ACF 6 0 . 0636 0 . 0106 0 . 643 
BCF 12 0 . 3039 0 . 0253 1.536 
ABCF 12 0 . 1532 0 . 012 8 0 . 775 
Error 2 54 0 . 8901 0 . 0165 
Sampling error 144 2 . 3459 0 . 0163 
Total 287 10 .5 962 
**Significant at l percent level . 
*Significant at 5 pe rcent level . 
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Figure 48. Fraction of aggregates less than 1 inch 
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The significant factors influencing draft and torque suggested that 
the functional relationship, 
WL v2 S 
= g (tan G, y-• gd'wd ' m) , 
is nonlinear. The data was fitted to various nonlinear functional rela -
tionships using multiple regression techniques. 
The data for the two tillage blade angles (25° and 40°) was analyzed 
independently. The logarithmic regression equation , ln E!V 2 = lna + b1 
L V2 ln ( ~ + 1) ( v + b2 ln gd) + b3 ln m +c (where € is the random error) was 
found to fit the data better than other nonlinear regression equations 
investigated (see Table 13) . This regression equation predicts the 
smaller values of E/V 2 more accurately than the larger value of E/V 2 
(see Figures 51 and 52). 
The significance of moisture content (m) indicates the effect of 
soil conditions on E/V2 • Other nonlinear regression equations showed 
that the addit i onal reductions in the residual sum of squares due to the 
effect of S/wd was not significant. This may be attributed to the method 
of preparation of the one soil tested such that the moisture content and 
bulk density were correlated with the r~sulting soil strength. 
Various linear and nonlinear regression equations were fitted to 
D1 , D2 , D3 and a with U)L/V, V
2/gd, m, and S/wd as dependent variables . 
None of the regression equations investigated was found to adequately 
describe the respective responses of D1 , D2 , D3 and a which may have 
been due to the magnitude of the random variation of these responses. 
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Table 13 . Logarithmic regression ANOV of E/V 2 data 
L v2 Regression equation, ln E/V2 = ln a+ b ln (~ +l)+ b2 ln(--)+ b ~ ln m +f l v gd ~ 
For tillage blade angle = 25° 
Source df Sum of squares 
Regression 3 68 . 140 
Residual 68 ll. 587 
Total 7l 79 . 727 
Correlation index, R2 = 0.855 
Regression coeffic ients and calculated t values 
ln a = - ll ;448 
bl = 0 . 264 
b2 - 0 . 904 
b3 - 4 . 216 
For tillage blade 
Source 
Regression 
Residual 
Total 
angle 
df 
3 
68 
7l 
= 40° 
Correlation index , R2 = 0 . 892 
t = -14 . 737** 
t = l . 916* 
t = - 15 . 416** 
t = -8 . 829** 
Sum of squares 
44.283 
5 . 358 
49 . 641 
Regression coefficients and calculated t values 
ln a = - 2.481 t = - 4 . 216** 
bl = 0.088 t = 0 . 957 
b2 = - 0 . 847 t = - 21.237** 
b3 = l. 059 t = 2 . 943** 
**Significant a t the l percent level . 
*Significant a t the 1 0 per cent level. 
Mean square 
22 . 713 
0 . 170 
Mean square 
14 . 761 
0 . 079 
F ratio 
133 . 3** 
F ratio 
187 . 3** 
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SUMMARY 
Some tillage tools, partly powered by means other than draft 
created by the traction members of the power unit, have shown possibili -
ties of controlling final clod size distributions of a tilled soil. 
Previous investigators have reported that vibrating tillage tools appear 
to develop smaller soil aggregates than other tillage tools (the mold -
board and disk plows). 
Various investigators have materially reduced the draft requirement 
of tillage tools by oscillating the tool in some prescribed manner which 
suggests that a vibrat.ing tillage tool may be more efficient from the 
standpoint of energy input versus final soil condition output compared 
to other tillage tools utilizing only power transmitted through traction 
members. 
The objectives of this r esear ch endeavor were to evaluate the in-
fluence of an oscillating simple tillage tool on the final clod size 
distribution, to develop a method or methods of relating total energy 
input to resulting clod size distribution and to determine if the methods 
developed could be used to evaluate the performance of model tillage 
tools based on final clod size distribution . 
The energy required and the final clod size distribution created 
by a tillage tool designed to till the soil such t~at major soil move-
ment would be confined to two dimensions were measured when vibrating 
the tillage tool at different frequencies. The tillage tool surface was 
oscillated in an angular manner in a plane parallel to the direction of 
forward travel using a four-bar linkage drive system. Experiments were 
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conducted in the laboratory to minimize variation in operating conditions 
and soil conditions. 
Some field experiments were conducted to determine the operating 
characte ristics of a commercial subsoiling tillage tool utilizing the 
vibratory tillage principle . 
Communition theory developed by mining engineers was applied to the 
analysis of the clod size distribution data . This method of character-
izing a clod size distribution was more sensitive than mean weight 
diameter to changes in clod size distribution data. For a tillage blade 
angle of 40° , the energy required per unit volume of tilled soil was 
directly related to the percentage of clods less than l inch diameter as 
hypothesized by cornrnunition theory , but this simple relation did not 
appear applicable when the tillage blade angle was 25° . 
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CONCLUSIONS AND OBSERVATIONS 
1 . A g reater r ange of clod sizes can be produced when a tillage tool is 
oscillated but the mean weight diameter and percentage of clods less 
than a given diameter are also dependent on soil conditions and for-
ward velocity of the tillage tool. 
2 . Communition theory (relation of energy requirements and clod size 
reduction) can be successfully applied to tillage when the geometry 
of the tillage tool is such that pulverization is the predominant 
characteristic of operation . 
3. The final clod size distribution created by a model tillage tool can 
be characterized by a distribution modulus , a , and a size modulus , k . 
These soil parameters can be used to evaluate the effect of opera -
tional parameters such as speed and tillage tool geometry. 
4 . Test results indicate that soil moisture content and density were 
the predominant soil variables influencing the total energy input 
per unit ma ss of till ed soil . With one soil type, the me thod of 
preparation of soil condition was such tha t moisture content and bulk 
density were correlated with the resulting soil strength. Labora-
tory and field experiences with a variety of soils indicate that 
soil streng th parameters are important . In this study it was not 
possible to ascertain the specific effects of soil strength para-
meters. 
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LIMITATIONS OF THIS STUDY AND SUGGESTIONS FOR FUTURE RESEARCH 
The data gathered i n this study were limited. Only one soil at 
different density and moisture levels was studied . This soil, Co l o clay 
loam, has a higher percentage of cl ay than t hose soils reported by pre -
vious investigators who studied vibratory tillage . Only four frequencies 
and three forward speeds were investiga ted in this study. 
There were not enough soil strength data taken to adequately define 
cohesion and the angle of internal friction for each soil condition; 
thus the coefficients of variation of this data were high. The soil core 
s amp les were fragile for the lower density level. Variation in the soil 
strength data depended on the quality and homogeneity of the soil core 
samples. 
The method of separation of the clod sizes by sieving may have in-
fluenced the clod size distribution data. It was imperative that great 
care be taken when removing clod size distribution samples from the tilled 
soil and placing them on the top sieve . The size of a clod size dis -
tribution sample was limited by the siev ing equipment. 
The theory of similitude was not used in this study . The data were 
converted to dimensionless quantities to facilitate the investigation of 
empirical relations. 
The author makes the following suggestions for future research on 
tillage . 
l) Run tests with a vibratory tillage tool in other soils to de-
termine the validity of the comminution theory as a method of character -
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izing clod size distributions and energy-clod size reduction relation-
ships . 
2) Use other techniques for obtaining clod size distribution data . 
Methods should be studied which would reduce the time required to obtain 
and process clod size data . A change in the air permeability of a soil 
due to a tillage treatment might be correlated with clod size distribu -
tion parameters . 
3) Make further studies at higher speeds and a greater range of 
frequencies of oscillation to determine the effects of GUL/V at the 
higher speeds. This will probably be dependent on pertinent soil vari -
ables. 
4) Identify the significant properties of a soil dynamics system 
using a series of models and the principles of similitude. The method 
may help determine some time dependent properties of soil which influence 
the reaction of soils subjected to stress . 
5) Identify the significant properties of soils which influence a 
final soil condition (clod size ~istribution) produced by a tillage 
treatment . The principles of similitude may help in the identity of 
these unknown properties . 
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APPENDIX A. RESOLUTION OF FORCES 
Horizontal and vertical forces acting on the tillage tool c ould not 
be sensed directly f rom the for ce dynamometer due to the oscillation drive 
being mounted separate from the tillage tool system as shown in Figu re 53. 
If a force, F, acts on the till age tool surface a t an angle , Y, with 
......... 
respect to the horizontal, then a force, A, will act as an axial force 
on the 9.0 in. co nnecting link (Figure 53). The horizontal and vertical 
forces sensed by the dynamometer will be designated as Bx and By , re-
spectively . (The horizontal and vertical components of all fo rces will 
be designated by x andy subscripts, respectively.) 
The equilibrium condition that the sum of forces equal ze ro requires 
---that B = A + F and By = Ay + Fy· Also, the direction of B is designated X X X 
as tan r = By or tan r = Ay+Fy 13 
Bx Ax+Fx 
The equilibrium condition t hat t he sum of moments 
space requires that A /1 4 sinY= F fsinf or A 
about any point in 
~sinP 
= F /\4sin o' 14 
where A (A 2 + A 2 )1 /2 F 
X y ' = ( F 
2 + F 2 ) 112 and assuming no moments are 
X y 
externally applied to the tillage tool . 
From geometrical 
J. sin .P 
/\4 sin "'6 
considerations, Ax = A cos a and Ay = A sin a 
but A = F so , 
= F( J sin;? cos a 
1\4 sin C: ) = F( 
2sin P sin a 
,/\ 4 sin ~ ) 15 and 16 
Further cons ide ration of Equation 13 leads to (~) A + (BY)Fx = A +F 
Bx x Bx y x 
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or - ·By A A (-) X + y· 
Bx 
l7 
.......... 
The components of F are Fx = F cos~ and Fy = F sin ~. 
Thus by substitution in Equation 17 gives : 
By B J sin ~ cos' a £sin/) sin a (-) cos if- sinf= -(~ ) ( /\4 sino ) + .11 4 sin Y Bx Bx 
By fsin P 
(sin a -
By 
or (-) cos >"' - sin tjl = /\4 sino cos a) Bx Bx 18 
Considering the geometry (Figure 53) and a trigometric identity gives 
sinf= sin [Cf+tj/) -,(t1 =sin CP+f') cosrjl- cos Cj)+CjJ) sinfP. 
Substitution of Equation 19 into Equation 18 gives 
c:~) cos fjl- sin 0'= ll
4 
~n 0 [s in C f + tjl) cos {jl- cos Cf + fl) sin p J 
(sin a - By 
Bx 
cos a) or 
By - tan 1/J+ tan if ( f cos CP+ 'f) 
Bx T /14 sin o 
(sin a - By cos a) 
Bx 
and solving for tan (jl; 
(sin a - By cos a) 
Bx 
=}sin CP+rj/) 
?1 4 sin o 
(By) /cos a sin (p+ lfl) }sin a sin CP+ <f!) 
Bx ( /'\4 sin o + l) - /\4 sin 
tan fj/ = 
Let a'= 
b' = 
(~) ( Jcos a cos CP+ if) ~sin a cos CP+ Cj/) 
Bx /! 4 sin 't) ) - /; 4 sin o 
~ cos a sin ( f + f) 
;>. 4 sin'6 +l 
.£ sin a sin ( P + <jl) 
)\ 4 sin o 
+ l 
19 
91 
y 
~--------------~ X 
DISTANCE FROM PT. p TO 
CENTROID, £ 
CENTROID OF TLLLAGE BLADE 
Figure 53. Forces acting on tillage tool parts 
' e = 
c' = 
.f cos a cos ( P + if!) 
;.>-. 4 sin "( 
~ sin a cos 
1 - ?1 4 sin o 
B 
a'(::Y..) - b' 
Bx 
( fJ + 'f/) 
then, tan )t" = 
' + c 
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From equilibrium conditions, Fx = B - A ; but A may be expressed 
X X X 
in terms of Fx as Ax = (_2_) 2 cos a sinp, cos tf ( ?\
4 
sin 0 ) and using the same 
trigometric identity previously used yields 
J. cos a 
Ax= Fx (,?1
4 
sin'6') [s i n C(J+ <j/)- t an fcos CP+Cjl)] 
or 
Thus 
and 
Substitution of Equation 22 . into Fx = Bx - Ax gives 
F [J. cos a sin Cf+f) 
x 114 sin ){ 
( Q cos a cos ( p +'f) /\4 sin o ) tan~ J 
~cos a sin ( e + <jJ) - ( ~cos a cos ( p + tp) 
FJ 1+ 'A 4 sin '( (1 4 sin (( ) tan f] = Bx 
Bx 
F = 
X a - e'tanr 
22 
23 
24 
The values of a', b : c' and e' ( see Table 14) were determined consider -
ing t he distance J to be from the pivot point (pt . p ) to the centroid of 
the tillage tool surface and the values of the angles a , ( p + cjl) and ?f we re 
conside red to be constant . 
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Table 14. Values of i, ~' c' and ~ 
Constant 0 25 blade angle 40° blade angle 
a ' l. 2402 1.2446 
b' l. 7 027 1.732 8 
' 0 . 3561 0 . 3372 c 
' 0 . 0908 0 . 0934 e 
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APPENDIX B. EXPERIMENTAL DATA 
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AVG AVG 
FREQUENCY SPEED DEPTH DRAFT TORQUE 
eye I es mph in lbs I b-ft 
m1 n 
Data from Field 1 
900.02 2 .. 3 9 15" 7 5'533 .. 3 3 4 .. 8 
o .. oo 2 .. 39 15 .. 7 6466 .. 7 o .. 0 
663 .. 17 loll 17 .. 5 6 ROO .. O 42 .. 7 
o.oo l 0 11 17 .. 5 7 ROO .. O o .. o 
900 .. o 2 2 .. 39 17 0 5 7100.,0 42 .. 7 
o .. oo 2 .. 39 17 .. 5 7 9 00.,0 o .. o 
900 .. o 2 1 .. 51 17 .. 5 6666o7 42 .. 7 
o .. oo 10 51 17 .. 5 7600,.0 o .. o 
900.02 3 .. 16 17. 5 7000 .. 0 4 2 .. 7 
o .. oo 3. 1 6 l7o5 7800 oO o.o 
Data from Field 2 
o .. oo 3 .. 00 15 .. 7 500 0 .. o o .. o 
o .. oo 2 .. 27 15 .. 7 4600 .. 0 o.o 
o .. oo 2.27 l7 0 5 62 0 0.0 Oo 0 
o .. oo 2o 52 16o6 5 800 .. 0 o.o 
o .. oo 3.,66 16. 6 6000 .. 0 o. 0 
o .. oo 3o00 l6o6 5 8 00 .. 0 o.o 
0 .oo 1 .. 89 16 .. 6 520 0 oO o .. 0 
o.oo 2 .. 49 16.6 5600 .. 0 o .. o 
o .. oo le>27 16.6 500 0 .. o o.o 
o.oo 1 .. 5 e 16 .. 6 5400.,0 o .. o 
OoOO 1.89 16 o6 5400 .. 0 o .. 0 
o .. oo 1.51 16.6 5400 .. 0 o .. 0 
o.oo lo26 16.6 5400 .. 0 o. 0 
o .. oo 0 .. 79 l6o 6 460 0 .o o. 0 
o .. oo 1 .. 66 16o6 5200 .. 0 o. 0 
852.65 3 .. 00 15 7 45')0 .. 0 3 4o 8 
852 .. 6:5 2 0 27 15. 7 4200.,0 34.8 
852.65 2.27 l7 .. 5 5 80 0 .o 41. 7 
947.,39 2 .. 52 17o5 5800.,0 45.2 
947 .. 39 2 .. 52 16 .. 6 4800o0 34 .. 8 
1042~13 3 .. 66 16 .. 6 540 Oo 0 2 7. 8 
852.65 3.00 ! 6o 6 5200.0 27o 8 
710.54 1 .. 8<; 16 .. 6 460 c .. o 24o3 
710.54 2 .. 49 16 .. 6 5200 .. 0 24 .. 3 
757 .. 91 1o27 l6o 6 3 80 0 .o 24 .. 3 
947.39 1. 58 16 .. 6 4200o0 31 .. 3 
71 Oo 54 1.,89 16.6 4 800 .. 0 27. 8 
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'•Ll I) 2'1 1 l ~ - ~0 37 . c9 5 . 629 90 . 0 11 868 , 960 1 2 . 99 t, 4 . 77_ o . r576 o . 52<J (\ . <37 2. 7 ';! . l ') . 2°'-':' ''.1 010 0 . 6 4 ') , O? 
4 0 02~ 1 1 7 . 3C e 7. t. q 7, 073 16'J. 0 c. oco 23 . 1 8 - 1 2 . 7'0 o . onoo (\ . 737 () , 7('0 3 . "3 ~.2 ') . ? 3l·fl r . 1 E" 'J " . 45 o . 4f 
40 02 •"1 1 1 7 • 3 ') S7 . 49 7 . o 7 3 16 '). 0 3<J52 .1 33 2l . 66 15. '·9 c . r ~1 1 r. 684 c. 74 6 3. 3 -, . 3 (' . ? 04 0 '1 , ;>47'1 ') • 5'1 r) . t..L 
40 0 2~ 1 1 7. 3 c ~ 7 . 4'3 7. 0 73 1 t>O . 0 4697 . ;> 6 5 31 . 33 -2.56 0 .1 691 Q ,7 6~(', A6 1 2 . 7 0 , '1 0 . 2 c ~ , o. 2 14 1 n . 4 3 0 . en 
4) 02~ 1 1 7. 3•) 8 7. 4'l 7 . 073 160. c 11 808 . 96') 52. 1 5 52 . 6 0 o . on rn '), ')05 () , 6 12 2 . 3 3 . 7 0 . ?44"1 (1 . 2"'1'1 ') . SCI r. r: 1 
4 0 02 '~1 1 7. 5) 8 7. 6 1 6 . ~49 16) , (; 0 . 100 23 . 28 1') , 4A o . oooo c . 840 c. 96 7 2 . 9 2 . q 0.3 1 10 0 . 224') "1 , 36 ") • ;H. \0 
\0 
40 ozq 1 7. 5~ 8 7. 6 1 6 . 6t.<; 1 '>0. 0 1 952 . 113 B .ll 3 2 , OP o . o7<JP 0 , t,o'1 r , 6CJ8 2 . 3 2 . <; O. Jc:-o 0. 31?0 n, 4 <; c . sr 
4J cz "1 1 1 7.50 e 1 . 61 (:. 6<.<; 160 . 0 4637 . 265 2'l. 62 3 F.. 78 (1 . 06 1 5 (1 , 99'3 11 , 735 2 . o 2 . o ('1 . 320(' o . z e ~0 0 . 21 O. t."'-
40 02'11 1 7. 50 87 , 61 6 , 64<) 160 . 0 11 8':>'1 . 9 6 ') 2 1. 1 1 3. 0 1 r: . oooo C. ~P2 C. 7 ?." 2. 6 1. 9 o . 2coc o . 2410 0 . ':0 ') , q 
40 c2 ·~ 1 1 7 . 30 3 t! , o'l 6 . 35 1 240. 0 c. 000 37. 31> -5 3 . 59 0 . 0(1') ') 0 . 5 7 9 0 . 83! 2 . 0 3. 7 0 . 1fQQ n . 3 1oO '1 , t 1 o. ~0 
40 02 "1 1 1 7 . 3 0 98 . 9~ 6 . 35 1 24') . 0 3952. 1 31 22 .77 1 . 75 c . 0000 o . f 1 4 (\ . 73 2 2 . g 3 . ? o . 1<;1.0 (\ , 127'1 '"~ . 5" () . L7 
4 0 0 2'1 1 17. 3 c 88. 9'1 6 . 351 240,Q 4687 . 265 11 , QO -24 . 54 0 . 07')0 0 . 653 1' , 1-?P 2. ' ~ - 0 rc . 3"5C' o . >270 0 . '55 (\ . ~~ 
4') CZ"\1 1 7. 3•1 8d . oq 6 , 3 5 I 2 40. 0 11 868, G6 C 2 ~ .17 - 1 0 . 0 1 o. cooo 0 . 68~ r . n92 3 . 4 3 . n n, t. 1()'1 0 . 1?~1 o. c.? (' , "" 
40 02 '1 1 1 q . z) 8'! , -Jfo 6 , 6t.'l 24 ) , 0 0 , GO.) 25 . 90 - 40 . 20 o. on on (\ , 58 5 ('. 65 5 3 . 0 2 . ~ 0 .' 750 1. 1'521 n . h ~ 0 . 7~ 
40 0 2'1 1 1 ° . 2C 8>3 . 6" Co 64 <; 2t. r. . ') 3952 . 13'1 21 . 26 -16 . 36 0 , 023 1 n , t.93 r . 5Pc 3 .7 1. 7 o . 40 °0 1'1, 3~00 0. 1! r. 6 ~ 
4 0 C2 "11 1 'l • 20 8-3 . 36 6,649 240 . 0 46~7 . 2.05 37. 7 C -54.14 0. C4 l 9 (',5 <)6 (),732 3 - " 3 • <; ('.4 6P(' 0 . 3100 0.64 f'l . J..L. 
4J D 2.'1 1 1 e . 2 c 88 . 86 6 . 649 240 . 0 11 868 ,0 6:) 33 . 45 -44. 28 0 , 0')00 0 , 506 G. 7 59 2. 7 ?. Q (). 3? '! (\ (1, ? 5 ') 0 a. 11) " . t.~ 
Figure 55. (Continued ) 
SOl L Ejv 2 o, D2 e WL 
v2 ~ _J;_ tan¢ v gd wd wd m ID I deg I 
01Ml 0.019560 :c . ?b"1 25. n.c 0 • 1+ {+ 2 Lt4.?13 l f . • 'l44 C.4 32 c • u~ r.:; 
0 1 Ml 0.039~83 : • I l ~ 2':i. 0 . 926 0 • 1+ 4 2 44.213 1 6 . 94!, 0 .4 32 ( . lf~(', 
01M1 0.071666 ~ . 2 .14 z 5. !. 099 c • 4 lt 2 4't.213 1 6.91-t4 C .'t3 2 c . lfl':' 
01 Ml 0.202830 c. 129 2 5 . 2 .7 82 0 . ·+4 2 44.?13 l 6.q4 1~ 0 • Lt3? ('. 1 80 
01 Ml Oo008953 1. .17 2 2 s . n . r 1.7 6 7 <'t 9 .7 8 0 17. 963 0.38B r:- .11 2 
OlM1 0.0144 56 r:_"l • 7 5 t, 2 5 . 0 .4 63 l. 7 6 7 4C:.78 J 17. 96~ 0 .?- Bi:l c . l 7? 
OlMl 0 0 0 1 4 5 7 2 ' ·~· • l C) () 25. r . 5 t , 0 1.7 67 49.7 BC 17. 963 1) .3 88 C·.172 
01 Ml Oo0l64 8 7 ·) . 14 ~ 2 5 . 1. )(:} l 1.7 6 7 4 9 .7 8 0 17. 963 0 . 3BR C .l7 ? 
01Ml 0.006122 r; .1 ~2 2 '). r. . o 1.7 h 7 ')r'.l71 1 8 .1 (4 (\ . 383 (' .17 / 
01 Ml 0.007174 0 . 10 1 2 ') . c . 4 63 1.7 6 7 5C'.17l l R .J C4 f) .3 88 c . 1 7 2 
01 Ml 0.007306 ~~ . • rqs 2'>. c . s,,y 1.7 6 7 5C.l71 1 8 .1 ~"4 0 . 38tl c . l 72 
01M1 Oo039140 C' . 1 p 25. 1. 39 1 1.7 (-, 7 5r'.J71 1 f3 • 1 ('\ t, 0 .1 R8 c . 1 7? 
01 Ml 0.002 32 0 '::•.1 55 25 . o.c 3. ') 7 5 '>5.26 9 1 ci . (J C) ,C1 0 . 345 r. 1 6 l 
01 Ml 0 0 0 0315 8 ~~ .1 29 2 C) . i) . 3"9 3.975 55.26Y 1 9 . 098 0 . 3<'t 5 (' .1 61 
Dl Ml 0.0047 70 r . 1 7 A ? 5 . G. 3 6 (J 'L 975 55. 269 1 9 . 0 <)8 C.34S (' . 161 t-' 0 
01Ml 0.015031 r .Jl n 2 5 . 0 . 0 27 3.975 55.26q l 9 . r)9fl C .34'J C· .l f- 1 0 
OlMl 0 ., 002016 r:• • l <)C) 2 s. C' . O 3.975 49.587 17. 1\CJft 0 .3 88 ':.1 74 
OlMl 0.002184 (' • 1 q 7 2 ') . C.3 0<J 3.1 7 5 ttCl. S87 1 7 • Fl 94 0 . 388 r . 17 4 
01 Ml 0.002239 C; . 2t~7 2 5 . C . :166 3. 9 7 5 4 9 . 58 7 17. f1CJLt ('· . 3£18 0 . 17 4 
Ol Ml 0.,00 834 7 r • ll o 2 5 . ') . 02 7 3.975 49.r:i 8 7 1 7. 8 94 0 .3 tl8 (' .17 4 
02 Ml 0 ., 031998 (' . ')'"'2 2 5. ,... 1"\ ··' .. _. Q • 1t It 2 85 . 3 77 27. 8A4 .; • 5C 7 r. 1 7 8 
02 M1 0.,07673 0 r • ')a (' 2 '). 0 . 92A 0 .4 4? P,5 . 3 77 2 7. so 4 0 .'5 0 7 ( . 17 ll 
0 2 "11 0 . 074779 ( . 56 A 25 . t. n o g C . 41t2 85 . 3 77 27 . 864 0 .5 0 7 (' .17 8 
02M1 0.1648 88 C. 5F·7 25 . 2 .7 82 () , !t42 85 . 377 27. ~64 C'; . 5C7 C . 1 7 B 
02M1 Oo03531.6 C.4Sl 2 '). r: . o 0 . 4/t 2 8? • 4 £lit 2~.42'> '::.5 8ft r • 1 7 1 
02Ml 0.042308 C.':ib 7 2 5 . r, • 9? (, 0 • It II 2 8 2 • t, fl4 23 . 42~) G. 5cV+ c • 1 71 
02 Ml 0.058 838 C! . 5<J C 2 5 . 1. c qg 0 . 4Lt2 82 .'t R1t 23.Lt25 C'•,5 81t c . 1 71 
02 Ml Ool38910 (.' • ~)r, () ? 5 . 7.7 82 c . 4 1t2 R 2 • I, 81t 23.1t? 5 0 . 5 84 c. 1 7l 
02 M1 0 .. 010 8 91 r . 4 7 6 2 5 . c. r 1.7 6 7 86 ,7 C4 2 fl .2 <.i7 !").5 C7 (' • 1 7(, 
02 Ml 0.0115 86 r • 5 r.i 1 2 Cj • (' . 46 :~ l. 76 7 86 .7-0 4 2 8 . 29 7 ':'. 5C 7 1" .176 
Figure 56. Dime n s ionless labora tory data 
SOIL Efv2 D1 D2 e wl 
y2 s c 
tan ~ gd wd wd m ID deg v 
02 ~11 0.01 4459 C' . 4BS 2 5 . 0 . 549 1.7 6 7 8 6 • 7 ('It 28 . 207 ') . 50 7 C.17 1'-' 
02 1-1 1 o.-010 8 70 ~ .'t71, 2 'j. 1. ~1 9 1 1.7 6 7 8n .7 Ctt 28.297 0 . 5(';7 c . 176 
02 M1 0 . 006 079 ,; • 3 (~ : 2 5 . 0 . C ) • 7 A 7 85 . 9 7 5 2 HJ'5° 0 . '50 7 C·.l 60 
02 M1 0.009027 C. 42S 2 5 . 0 . 463 1.7 6 7 a5.975 2 t' . ()59 (' . • 507 ( .) 69 
02 M1 0.01426 9 ( • 3?9 2 5 . 0 . 549 1.7 6 7 85 . 975 2fl . 05° 0 . 5C 7 C.l 69 
02 M1 0.0101 85 r_ • r rq 2 5 . 1. 39 1 1.7 6 7 85 . 0 7 5 2 8 . 05° ~ . 507 C'·.l 6CJ 
02Ml 0.005 4 11 (' . 3138 2 ') . O . C' 3.975 06 . 7 0ft 2 8 . ?97 J . 5C7 ( . 1 74 
02 Ml 0.005 323 1 . 385 25 . 0 . 309 3 . 9 7 5 86 .7 (.4 2H . 297 0 . 507 0 . 1 74 
02 Ml 0.,005011 •: . 352 2 5 . 0 . 366 1.17 5 86 .7 (14 2 8 .? 97 0 . 507 (. • 1 7 1t 
02 M1 Oo005279 r: . 341J 2 5 . C. 92 7 3 . Y75 86 .7 Gtt 2tL?97 O. S0 7 ('- . 174 
02Ml 0.0044 98 -~ . • ,, '; 3 2 5 . c . r; 3 . ·-::, 7 5 86 .7 04 2B.297 0 .507 c • 1 7 1t 
02 Ml 0.,005 45 1 ,- . 1, 26 2 ') • 0 ."> CCJ 3 . 975 86 .7 0 1t 2 FL297 0 . 507 c . l 7 1t 
02 M1 Oo00 4968 C. 'Jt;t3 \ 25 . 0 . 366 3.975 8A .7 Qt, Zi-1.297 0.5G7 ( .174 
02 t"' l 0 . 004901 [ • .34 5 2 :) • 8 . 927 3. :; 7 5 86 .7 C4 2P . 297 0 . 507 0 .17 Lt 
03 M2 Oo01045 7 r . '1 l u t. r n 2 5 . c. c C•. 1t 4 2 99J37 52 . 4Q4 8 . 04'1 r . ?f"'.6 I-' 
D3 M2 0 .. 0089 14 ·=- . ,, 36 1. ? -~C' ? 5 . C' . 9?6 0 . ~ 112 99 . L' 3 7 52 . 1t94 0 . 0'• 0 c . 20(, 0 I-' 
03 1.12 Oo0144 67 (' • L, (> 4 1. 5 C' c 2 5 . l. C·9C? r:. . ~~, 2 90 . 637 5? . 4 gt, 0 . 040 r.?r-6 
03 M2 Oo010116 (' . 5 13 1 .61?- ?. 5 . 2 .7 82 r: . ,, 4 2 99 . 637 52 . t, 9 4 0 . 04(' 1 . 206 
03 M2 0.012150 (' . '152 2 . 26 7 25 . c. c 0 • 1t It 2 9 9 . 637 52 . (·9'' ::.' . 0 1t0 c . 2 12 
D3 M2 Oo012982 c • '> l 2 l. 4C C 2S . ~ . 926 0 . 442 99 . 63 7 52 . 494 0 . 040 c . 2 1. ? 
0 3.1.1 2 Oo01 5444 r-: . ?52 ?.'t33 2') . l • C·99 0 . 41!2 99 . (37 52 . 4 9'· ().0.40 r. • 2 1? 
D3M2 0 .. 0121 22 1 .3 94 1. ') l' 7 2 s . ? .7 82 O. 't'-+2 99 . 637 52 . 494 ·). OttC 1" . ?12. 
D3 M2 Oo003718 (· .t..SB 2 . ?3<. 2 5 . 0 . 0 1.7 6 7 ll C' . 53S 53 . V ::· 9 O. C'3fl C.?C 9 
03 M2 Oo00 2528 r • ')2 2 ]. 0,67 2 5 . r; . 46?. 1.7 6 7 11 0 . 535 s-1,.309 () . 038 o. zcq 
D3 M2 Oo0 03665 r . s~s 1. 96 7 2 s . '." • ') t, '~ 1.7 6 7 l lr' . :,35 53 . 30Ci 0 . 0 38 G.? C9 
· 03M2 0.,003 8 02 ( . 't94 z . r' r:: 7 2 5 . 1 • 3 q 1 l. 76 7 11 0 . 535 '53.~ 09 0 . c 38 C . ?Q:; 
D3 M2 0 . 00 4 112 (_ . (· ':'· '":; 2 . 033 ? 5 . n.o 1. 76 7 l 09 . 4P.6 52. 3 C., J . C3R ( • ? 1 l 
D3 M2 o .. oo3252 , r . 4c5 1. 9((' 2'). {_1 • 4 (, 3 1.7 6 7 109 .'t86 52 • . ')Q) 0 . 038 (' . 2 11 
03 M2 0.0043 59 I. • f 3 1 ?. . 2GC 2 s. f) . :;t.Q 1.7 6 7 ] ·")9 . 4El6 52 . 8C''. J . C'~8 (1 . 2 11 
03 M2 0.00273 4 r . ~>?'J z . z ·~:. ? 5 . 1. ?>9 1 1 • 7 6 7 1·J9.4RA 52 . 80) 0 . 03Fl ('. ? l 1 
I 
Figure 56. (Continued ) 
SOIL E/V 2 01 02 
wl y2 s c 
tan¢ e - - m 
10 deg v gd wd wd 
0 3 i'12 Oo 003274 (' . <1<1 5 L 533 ~ ') . C. 0 3 . '-175 109 . 486 52 . 803 0 . 03 8 0 . ?11 
03 ,'"12 . Oo0 03015 C • :JLt-q 1 • fl('.C' 2 5 . o . ~r.g 3 . 9 75 it)9 • /1 86 52 . RCC\ 0 . 038 c.. ?1 1 
0 3!~2 Oo0 02866 C. 5QO z.r.r: c 2 5 . C. 36A 3 . 9 7 5 l ') g • 11 8 6 s2.qc 3 0 . o 38 c . 2 1 1 
I 
03 r\12 Oo 001865 (1. 38 7 1 • 9 j 3 2 '). r· . 92. 7 1.975 100 .4 86 52. r\C3 C• . 0 38 0 . 2 11 
0 3M2 Oo0 0 1698 C. 58C: 2 . 833 2 5 . o. o 3 . 9 7 5 88 .f1 1 3fl. 6 7 f:l 0 .2 33 (' . 227 
D 3M2 Oo 00264 l (' . 6 16 2 . 1 6 7 2 5. 0 . 309 3 . '175 8H . 6 13 3H. 6 7 i3 1) .? 33 1 . 227 
0 3M2 Oo0 029 14 (; . 500 1. 6C 0 2 5 . ( . 366 3.975 88 . 6 1 3 3 8 • () 7 'd 0 . 233 C . 227 
0 3 "'12 Oo 002245 ( . 461 1 . 53l 2 5 . C. CJ? 1 3 . 9 75 8FL 6 1 3 3 8 . A7 R 0 . 233 0 . 227 
0 4M2 0 .. 014 33S C . 5C 7 1.733 2 5 . c~ . c 0 . 442 1 38 .3 96 53.5S2 0 . 2 7 0 c . 215 
04 M2 Oo024888. C . 5 06 1. 9 CC. ?.'J. 0 . 92A 0 . 4112 13 8 . 396 53 . 592 0 . 2 70 r . Zl5 
04 "'12 Oo02147L~ c. 1,(37 1 . 8 ·-:' C 2 5 . J. f9C) C . 4t..2 138 . 396 53."97 0 . 27':- 0 . 215 
D4 M2 Oo017 Y9 7 ( . tt5 7 1 • 7 1 ~ c 2 5 . 2 .7 132 () • 4 112 J 3R . 396 5 3 . S9? 0 . 2 7\~ r . ns 
O Lt i~ 2 Oo0 2 1]7 4 c . 55 l l. 8JC· 2c-) . c. r 0 • 11 1-t 2 1 %.74 -~ 52 .7 5() C.270 C . ?17 
04 "'1 2 0 0 0 240 0 7 ( • 4 66 1. 6 0 (' 2 5 . C . 92A 0 . 4.Lr2 1'3 6 . 2'13 52 .7 50 C.27 0 c . 2 1 7 I-' 
04 M2 Oo03 6063 (. 64 7 2 . (:6 7 2 5 . l.. 099 c . 't r~z 1 v) . 24-, 52 .7 59 c. . rr o C . 2 17 0 N 
D'1 :'12 Oo01 98 7 c ~ . 477 2 . 0 33 2 ~ . 2 .7 R7 0 . 4'12 1 36 . 2'!3 57 .7 59 C. 270 r • ? 17 
04 ~12 0 0 0 C4 It 4 3 I c • 3 s f1, 1 • P ·n 2 5 . o.c 1. 7 6 7 1 1 It • 64 7 52 • l 1+ J 0 . ?.70 r: . 2 1 ~ 
. 04 ~12 Oo0047 48 ( • lj ('. L1 1 .9 3~1 2 ,-:> . ':'•. 1t G 3 l.7 G7 13 4 .6'17 52 .141 0.2 7 C c . 211 
04 M2 Oo 00 5 277 c • ':> 3 1 1. F. c 2 5 . G . 5'1 CJ 1.7 6 7 1 3'1 • ()4 7 52.1'1 1 0 . 2 7 C C .21 3 
[)4 t~ 2 Oo00 6 ] 7 8 C . '5 16 l. q3:1 2 5 . ]. 391 1. 7(, 7 1 34 . 64 7 5 2 . 1 4 1 ') . ?'7 0 C . 2 13 
04 M2 Oo0 04443 C. 6?k 2 . 533 2 5 . 0 . C 1 • 7 6 7 11 3 . C'89 41. 8 7 5 ') . 32 C C.2<'H 
D4M2 0 0 0 041 7 8 C·. 4 64 l. h67 25. c . Ll 6 3 l.7 o 7 1P.. C89 41.8 7S 0 . 320 0 .20 8 
D4 M2 Oo00 39 f6 C. 5C' C 2 . cnc 2'). 0 . 54S 1.7 67 1 l ·1 • G 8 0 4 1. 8 7 5 0.32 C r.zrg 
04 fvl2 Oo 0 043 00 c • l t 8 4 1. 833 2 5 . 1. 39 1 1. 7A7 1 l "3 • 0 8 9 <tl. 8 7 5 0 . 32 C c . zr.; .q 
D4M2 Oo0 03050 (' . 5i17 ? . 2 6 7 2 ~ . C· • (' 3 . 175 l35.LI4·1 52 . 4Llf_1 C.27C ('. .? 2 ~. 
0 41>12 Oo0 02073 c • 4 7 2 1. w:··c 2 5 . C. 389 3 . 975 l l5.4'1 1 5?. tt4 R G. 2F' 0 . 22 ·':' 
04M2 Oo0 02 7 Y5 C: . 4tl7 2 . t)(_, 7 2 5 . ( .366 3 . cns 115.'1-41 5? • 1t l, 8 0 . 27 (' r . zz .~ 
D4 M2 Oo00 24(6 C. 53 C• 2.? '3 2 5 . ( . 97.7 3 . 975 } 35 . 1tld 52 . '•'•H 0 . 2 7 0 C . 220 
D1t 1\\ 2 Oo00 2742 c. 5 0-, ). Hf: 7 2'5 . C' . C' 3 . '7 7 5 1 37 . 609 51. 3 51 ·) . 27 ·J 0 . ? 08 
D 4 ~~2 Oo00 29 17 ·~ . 5:) 6 1. tl::C' ? ') • 0 . 3('' 9 3 . '1 7 5 1 32 . 6('9 ')1 . ~51 n. 2 7C c . znq 
Figure 56. (Continu ed ) 
SOIL Ejv2 o, 02 e wl 
y2 s c 
tan¢ ID deg v gd wd wd m 
04 M2 0., 0 033?.0 C.4 8 7 l. 76 7 2') . 'J .3 6(, 3 . q 7 5 H;(. 6C~ 51.351 0. .27 0 r. . 208 
04- M2 Oo00 30E'O ~' · '·5 7 2 . C'67 2 5 . ') . 92 7 3 . 9 7 5 13 2 . 609 5 1. 351 •) .27 ('· r . ?o ~ 
0 2M 1 0.,01 3522 c . z.:;s 1. 6l3 4i'l ~ . 0 . (' 0 .44 2 10 1. 466 43. r; 7 r:- 0 .31 8 C•.1 68 
D2 Ml 0" 0 l 1t3 7 5 0 . 5S5 1.7 33 4· (J . 0. . 96 7 0 . 4'~2 101./t f-,6 4 3 . '":. 7 (_, ·) • ·.q R ('· .16 ~ 
D2 t'1 1 Oo03 906') c: . ?gs 1. Fl 8 \ It C • 1 • 14 7 0 .4 1;-2 1. 0 1.46 6 43. 0 7 6 0 .31 8 (· . 168 
02~1 0 .. 02 3710 (' . 5 12 1.7 33 4 G. 2 . 905 0 .4 '~2 10 1.4 66 4 3 .1.'7 6 0 . 3 18 ('. 1 6~ 
0 2 !-1 1 Oo03 0138 c. 5 1 g l. R6 7 Lt G. '; .(\ 0 .44-2 73. 66't 2 2 . GC 1 0 .5 56 0 .1 68 
D2 M1 0.,0 25150 ·=: • t, :) 7 1.4 6 7 ,, () . c-. 96 7 0.44 2 73.664 2 2 . <JC 1 0 . 556 c . 1 h 8 
02 Ml Oo02 f3563 (' . t ! lt b 2 . 36 7 ,, 0 . ]. ]4 7 0 • 1t L; 2 7'1. hbl+ 2 2 . 90 1 0 .5 56 (' . 1 6 q 
0 21'11 0.,027 88 0 r • 2 gq 1. 66 7 4 0 . 2 . '-l~5 c. 4'~2 7 3 . 664 2?. 9(' 1 :) .5 56 O. lA A 
02 Ml 0.,007 545 C . t.t i32 ? • 1(:, 7 4 0 . o. c 1.76 7 93 . 0R9 23. 69!; 0 . 693 r . • 1 7 -:~, 
0 2M l Oo00 8128 (• • It 7 7 2 • zc (' ~~ :,) . 0 . 481; 1.7 6 7 9 3 . c P,'j 2 3 . 6 9C 0 . 69~ c . 17 3 
02 M1 Oo011477 r: . 4 76 1. 9( c It C • 0 . 574 1 • 7 6 7 93 . Qi19 23 . 6<.J(' 0 . 693 C .l 73 
0 21J. 1 0 ., 01 69 74 [ . t,('J, 2 • 0 C• r 4 0 . 1. 4 r:; 3 1.7 6 7 9 3 .C 89 2 3 . (_,C) r 0 . 693 n . 1 7 3 
Oo007 56 7 1) . 507 C. l7 5 
1--' on11 C . 603 1. 9':(' ~~ 0 . r. r. 1.7 6 7 R7.3R4 2 B . 5 1 9 0 ..... . -. 
02 iv1l Oo0097 77 r • ~~ 6 ~' l. 6CO 4-'J . c .~~ 84 1. U l7 '\7 . 384 2ELS1'? (' . 507 c- .17'3 w 
021'1 1 0 .,009 8H8 (' . ? 7A 1. HC0 4 C . (' • 5 -/ ~~ 1. 7() 7 8 7 • 3 flIt 2 R. S l O 0 . 507 () .) 75 
02 M1 0.,00 686 1 \' . 457 l.4 A7 't 0 . 1. 1+53 1.7 6 7 87 . 384 28 . 5 19 () . sc 7 C• . 1 7 '5 
D2 M1 0.,005 598 r • ;, 7 C' 1. 9CC 4 0 . n. o 3 .77 5 82. 17 9 2 8 . 0 7 9 0 . 38't ('.1 7 1 
02 Ml 0 .. 003239 c • 't4 9 2. 03'::1 4 c. Cl .32? 3. ') 7 5 82 .17 9 ze. rnc: 0 . 384 ('. ] 73 
0 2 ~11 0 0 0 04 7 3 2 (, • '· 2 7 l. 7 6 7 Lt C • C.3 82 3 . 975 82. 17 9 2ti . Cl 79 0 . 384 c. l 7'3 
02 v, 1 Oo 0 0 'tO 07 C. 460 2. 13 3 4!. f' . 96G 3. '1 7S 82 .17 9 20 . cn c; 0 . 3 8ft 0 .1 7) 
0 2"11 Oo0 03629 (' • ,, 1 4 1.7 A7 It 0 • o·. c 3 . 975 86 .1 50 28.11 8 0 . 507 (I . 1 82 
D2 M1 Oo 00 30 82 r: . 36 :~' 1. 8 C: ( 4 0 . ll . 32? 3.975 86 .1 5'-, 2£\ .11 P 0 . '507 C . 1 H2 
02 M1 Oo 0 05486 C • It tt3 2 . 1 6 7 ,, 0 . c . 3n? 3 . 9 7 5 R6 .1 56 2£1 .11 8 IJ . 5C7 Cl .l R? 
D2Ml Oo00 54 76 C . 422 l. U6 7 4 0 . 0 . '?68 3. 0 75 8 6. 15 6 2H .l1 fl 0 . 5(' 7 c. 1 fl? 
03 i"12 Oo02 Lt6L; 1 ( . lll 2 . 66 7 4 ') . o. o C. tt42 9C' . 3 1 ') 39 . 4 1ll n . 233 0 . ? 11 
[) 31-.12 Oo0 293 f5 r . 2 't3 1 • g (, 7 4 (' . 0 . 96 7 0 • 1t 1+ 2 9 0 . 3 10 3C) . 4}C n . ?.33 l' . 21 -~ 
D3M2 Oo02711 2 c . 2 57 2 . 333 '•· ·) . 1. l't7 0 . 1t4 2 90 . 3 10 39 . 4 J C 0 . 2 1 3 \ . ? 13 
D3M2 Oo0 2(l5(,0 C. 3?5 2 . s ·n /i 0 . 2 . 9('5 0 . 4't2 <)('· . 3 1 ) 3 9 . 4 19 0 . 233 (' .?.1 3 
Figure 56. (Continued ) 
SOIL E/ v2 wl 
y2 s c 
t an¢ 01 02 e v gd wd wd m 10 deg 
0 3 ~12 Oo02 505 7 c . zo~ 1. 7 6 7 4~. ') . 0 O. Lt l-t2 92.361 LtC . 3 14 0 .23 3 C'.20h 
0 3M2 Oo0 34 77 8 C . 25Lt 2.007 4 G. () . 967 o .~ t.? 92.361 4C.';)l4 0 .2 33 r: • 2 C6 
03 M2 0 .. 027537 ( • 2 2 3 1.73 3 4C'. 1. 14 7 0 • It 1+2 92.361 4('.31 4 0 .23 3 0 .2rs 
03 ~2 o .. 026501 C . 32R ?. . OC'C 4(). 1'.9()5 C.442 92.361 4 0 .31 4 0 .23?· C .?. C'6 
03 1'~2 Oo00 85 16 C: . 2B3 2.233 4 G. r: . o 1.767 103 .('6'l 36.4C? n.384 0 . 2 1 ·':' 
03M2 Oo00 8 7 23 c . 2oe 1. 53 3 4 0 . C) .t, f3 t , 1. 76 7 1"' 3 . 06B 36.4(2 0 . 384 c·. n o 
0 31-1 2 Oo010 5 75 (' • 26 2 2 . 033 4 0 . 0 .?1 Lt 1.7 67 1 0~ . 068 36.402 0 .3 84 C . 2 10 
03 M2 Oo008526 C . 26 7 1. 967 /i 0 . 1. 4 53 1. 76 7 10 3.('68 36.407 0 . 384 (' . 21'! 
0 3M2 0 .o 09't 6 7 C. 2 19 l. BCC' 4 ) . c. c l. 76 7 7 5 . 5 4 2 27/19 7 0 . ';) 1C 0 .21 3 
03 r-12 Oo00 95 44 (' . 1 83 l. 66 7 4 0 . 0 .4 81+ 1.7 6 7 7 5. 54 2 27. 09 7 0 . 3 10 [. . ?1 3 
D3M2 Oo00 8956 1] • 2?. 5 1. 933 4 0 . (' • 57 It 1.7 6 7 7 5 . 54? 27. 09 7 0 .31 C 0 • 2 1 -~ 
D3t-'12 Oo00 98?3 (' . ) 3 3 l. 63 3 4 0 . l • 11 5" l. 7 6 7 7 5 . 542 27 . ... )9 7 0 . 311 ( 1 • 2] 3 
D 3 ~~ 2 Oo 0 042 05 ~ . 20 1 l. CJ6 7 4 C. o. n 3. en s RS.ll2 31JJ65 0 . -~92 O. ZCCl 
D3M2 Oo 0 0 40 9 8 C . 23 1 1. 9A 7 '• c· • 0 . 32? 3.975 85 .11. 2 3l.Cf.<.i 0 . 392 C.2C'9 
1-' 
03 r-'2 Oo 0 05 07 3 c. zzc- 1. ?33 lt c . <' . 3cl2 3.975 85.112 3l. C 6') (). 39 2 C . ?. C 9 0 
+=-D3!v1 2 Oo0047 S4 ( • ? R 1 ]. 7 3 3 4 1) . (·. 968 3 . ·J7 5 R5. 11 2 3 1 • {' 6 ') o .-~CJZ c. zrq 
D3M2 Oo00 43 77 C . ?J+2 1. M'C !.._ c·. 0 . 0 3. q75 7 S . 230 39 . 298 0 .2 33 c . 2 1 3 
D 3~~2 0 .. 0 03834 (' . 335 1. 2 6 7 4 C. C.3Z 2 3.'175 7 5 .2 32 3 9 . 208 0 . 233 C' . 2 H 
D3 1v12 Oo 00 50 60 0 . 32 8 l. 2( c 4 0 . .') . 382 3. ')75 75. 230 3S.?9 8 ).23:3 C . Zl?> 
0 3M2 Do 0 04214 () . ? 77 1. (16 7 4 ('•. 0 . 96fl 3.975 7 5 .2 3(' 39 . ?9/? 0 .2 33 ( ' . 213 
0 4MZ Oo0 3 l 8 7 6 1) . 49~\ 2 r: -~" ~ • :.> \.._ I I_ 4 ::' . o.r: 0. 4lt 2 1 3?· . 5 7 2 57 . q6q ;} .1 6·'; 0 . 21'"': 
04 M2 Oo0 426 7 9 (' . 435 2 . 633 4 ,. ..  ' . 0 . 967 0. 4lt 2 11 3 . 5 7 2 57.96 f3 0 .1 60 0 . ? 1·' 
D4M2 0 0 0 L~52 3 7 ( • It 3 2 1. f3(., 7 4 G. l. 14 7 0. Vt2 LD.57 2 57.<)1-) S c. 16 0 ('· . ?1 ~ 
D4M2 Oo0 1+l649 c~ • It c a ?.4 2 C· 4 ·' J. 2 . 905 0 • 1t It 2 113.572 57. 968 (\ • 1 f, c l' • 2 1 0 
D4M2 Oo042712 C . LtLt 2 2 . 7',"}( 4 '). r. o O . tt4? 11 3 . El2 ·) 4 1. 63'5 0 . 323 (·. 2 13 
D4 1v12 0 " 0_5 32 58 c . ?,CJ 7 2 . 233 4 0 . t) . 067 C . t+t•2 11 3.820 41. (>3 ') 0 .3?3 0 . 2 H 
D4 ~12 Oo0 45 7 2'5 ( . 43 7 2 . 133 4 0 . 1. H7 0 . 1t4? )1 3 . 820 41.63 5 ').323 c. 2 1 3 
04 M2 O.,QL(? l 3 7 C. 389 1. 46 7 4-J. 2 . 9 ')5 l 1 o!t4 ?. lU. P2J 41.635 0 . 323 C' . 21J 
I) I+M2 Oo Ol J2('9 C. lt 1t5 1. wn 1t 0 . r. . c 1. 7 6 7 L~ :i . 94 1 5z.r,,.? 0 .?.7 J C.?C'H 
· D4 M2 Oo00 988 7 ( ' • 3 5 (• 1. 31:>7 4 'i . 0 . 4 81~ 1.7 f-. 7 1~ 5 . 94 1 57.6Lt? "·. 2 7 "' C . 2C'3 · 
Figure 56. (Continued ) 
SOlL Ejv2 
wl y2 s c 
tan¢ o, 02 e v gd wd wd m ID deg 
D4M2 Oo0l3514 r . 3 71, l • 4 oc 4 J . 0 . 5 7 4 I • 7 6 7 1 35 . 94 1 52 . 6L~2 0 .27 C : ' • .?Cfl 
D4 M2 Oo 0 1 52.?8 ( . 438 1. 467 4 0 . I.4 53 I • 7 A 7 I 3'5 . 04 1 52 . 64? 0 . 270 C' . 2CR 
[) 4,...12 Oo 0 17 253 c • -,c) s l. 7 3 3 4 r; . r. . c 1.76 7 149 . 068 64 . en q •). 174 G. ? 1'! 
0 4 M 2 Oo 01604 1 0 . 30 1 1 • 7':.C' 4 0 . C' . 4flLt 1.7 6 7 1Lt 9 . 061l 64. 0 1 9 0 . I 7 4 0 . :? 1 0 
04 ,"12 OoO 16 7·55 ( . 38 1• 2.3 rc 4 0 . C' . 5 7 4 1.7 A7 1 '~ 0 . 068 6 1t . c 1 q 0 . 17 4 0 • 21 r; 
04."1 2 Oo0l 4 1 6 1 (. / , (> 5 2 . 1 3 3 4 C . 1 • lt ~ 3 1.7 6 7 l 49 . 06H 64 . 0 1 9 O .l7 1t· C . 21') 
0 4M2 Oo00 Lt492 c . ,,z t 7 . 2\) (' 4 0 . O. C' 3 . 975 157 . 6 11+ 55. 60 7 C . 371J 0 . 2Gfi 
04 !"12 Oo 0075 03 C . 42~ 2 . 467 4 c. .J . -.2? 3 . q 7 5 157 . A J 4 55.6 0 7 n . --,70 C . 2C'8 
[)4 1"12 Oo005755 c . rt63 ? • 2\ c Lt (' o 0 . 38? 3 . CJ 7 5 1 57 • f l it 5~ . C)C 7 C. 3 7 C' C. 20H I-' 
[) 4 fv12 Oo 0 0'•4 1 H c • 50 7 2 . 4 67 4 1'; . C' . 06R 3 . 1 7 5 1 5 7. (· 1'+ 55. 6': 7 0 . ?> 7 0 G. 2C'Fl 0 V1 [) 4M2 Oo 001t 7J7 r: . 379 1. 533 4 r . ') . ( 3 . 975 11 0 . 579 4 (' • 91~ 5 (' . 3 ?C' r. 20.H 
04 ~~2 Oo0 039 7 5 c. 3 74 1. 56 7 4 ~) . 0 .1 22 3 . C) 7 5 11 0 . 579 It ( o 9 /t 5 0 .3 20 tJ . ?.OR 
D4 ~~2 0 0 0 043 23 : • /t r [~ 1. 267 4 0 . C . 3H 2 --,. 1 7 5 11 0 . 57 9 4C.9Lt~.i 0 .3 2n 0 . 2Ul 
04 M2 Oo0 03522 C • JH 3 1. 4 ::-C' 4 0 . C.96f3 3 . en s 11 (' . ') 7 9 tt C • 9 't 5 ". -~ 2 2 C . 2C'R' 
. , 
I 
I 
Figure 56. (Continued) 
